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Abstract 
The removal of liquid water from a lipid membrane system, whether through desiccation or slow 
freezing, is known to cause irreparable damage to biological organisms. A significant factor in this 
damage is the occurrence of lipid phase transitions in cell membranes. These transitions, induced by 
changes in hydration or temperature, can involve changes in the bilayer structure of the lipids 
(bilayer-bilayer transition), or a rearrangement of the lipids into an inverse phase (bilayer-non 
bilayer transition). In both cases, the semi-permeability of the fluid lipid bilayer membrane – critical 
to normal cell function – is lost, and in the case of bilayer-non bilayer transitions, the membrane 
structure is irreversibly damaged. 
Sugars have been shown to play an important role in the natural defences of biological organisms 
by altering the dehydration induced phase behaviour of lipid membranes. Their accumulation in 
lipid membrane systems helps to preserve the fluid lipid bilayer phase at low hydration by 
preventing, or delaying the onset of, deleterious lipid phase transitions. However, while this 
attribute of sugars is well known, and indeed, exploited in many fields, there is still debate 
surrounding the mechanisms by which sugars stabilise membranes. Central to this debate is the 
nature of the sugar-lipid interaction during dehydration and freezing events.  
This thesis presents the results of investigations into the effects of sugars on the phase behaviour 
and structure of DOPC/DOPE phospholipid mixtures. Small angle x-ray scattering and 
Differential Scanning Calorimetry were employed to determine the phase behaviour of these 
systems at a range of osmotic pressures (and correspondingly a range of hydrations) in the 
temperature range 20 °C – 80 °C. The determination of the phase diagram exposed a number of 
interesting phenomena, which were explored in detail in this thesis, leading to a number of new 
conclusions. 
First, the transition from the inverse hexagonal phase to the fluid inverse ribbon phase is 
thoroughly characterised for the first time. It is shown that the transition between these phases is 
continuous, with very low enthalpy. It is also shown that the presence of sugar completely inhibits 
the formation of the ribbon phase in favour of the inverse hexagonal phase. Additionally, a 
  iv 
coexisting fluid bilayer phase was observed to form in the presence of sugar, with increasing sugar 
concentration extending the temperature range and relative amount of this phase. 
Second, the glucose – DOPE interaction is investigated at full hydration utilising contrast variation 
small angle neutron scattering. Glucose is partially excluded from the inverse hexagonal phase into 
a coexisting excess water microphase. The results indicate a preference for the lipid headgroups to 
associate with water, leading to the formation of a hydration layer of water adjacent to the lipid 
boundary. Measurements of the gel bilayer phase at -15 °C show qualitatively different sugar 
partitioning, with ice formation excluding sugar from the excess water microphase. A 
corresponding increase in the sugar concentration in the water layer between lipid bilayers is 
observed at this temperature.  
Finally, membrane diffraction of substrate supported aligned DOPC bilayers was used to provide 
high resolution information on the location of sugars between fluid lipid bilayers. In agreement 
with the sugar partitioning results, these results show that the sugars are located, on average, near 
the centre of the water layer between lipid bilayers, and there is no evidence of direct close range 
interactions between sugars and lipids.  
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C h a p t e r  1  
INTRODUCTION AND LITERATURE REVIEW 
1.1 Background 
The fluid lamellar lipid bilayer phase is essential for the survival of biological cells. It provides the 
basic building block of the cell membrane and allows normal biological processes to occur. 
Aggregates of lipids found in biological systems tend to self assemble into this phase when fully 
hydrated in an aqueous buffer at or near physiological temperatures. Environmental changes can 
alter the phase behaviour of the lipids and induce phase transitions which can impair the ability of 
cells to function, or destroy the membrane structure. During natural freezing and desiccation 
events, widespread cell damage due to lipid phase transitions can cause irreparable damage to the 
host organism. However, some species are able to withstand greater temperature and hydration 
extremes than others by accumulating high concentrations of sugar within their system. While the 
effects of the presence of these sugars is well known and exploited in many applications, the 
mechanisms by which sugars prevent damage to membranes are still under debate. 
1.2 Lipid Bilayer Membranes 
Lipid bilayers fulfil a diversity of roles in the maintenance of healthy cells, including allowing 
biological processes such as fusion to occur, providing an environment for membrane proteins and 
maintaining a solute balance between the intra and extra cellular solutions. This last attribute is due 
to the ability of lipid membranes to act as a semi-permeable barrier – water is able to pass through 
the membrane in response to an osmotic pressure across the membrane, while solutes inside and 
outside the cell are prevented from crossing the membrane. 
Biological cell membranes are complex aggregates of lipids, consisting of phospholipids, 
sphingolipids,  sterols (e.g. cholesterol), proteins, and other components. While each component is 
important to maintain a healthy cell, it is the arrangement of lipids into a fluid lamellar bilayer that 
provides the basic building block of the membrane and an environment for the other components. 
The lipid bilayers found in natural membranes are themselves a complex mixture of lipid species, 
with each species affecting the phase behaviour of the mixture. Due to its complexity, a simplified 
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view of membranes is often used, such as the fluid mosaic model developed by Singer and 
Nicholson (Singer and Nicolson, 1972), as shown in Figure 1.1. This relatively simple model of the 
membrane as a lipid bilayer matrix in which lipids and proteins are free to diffuse laterally within 
the plane of the membrane, while not taking into account more recent discoveries such as 
asymmetric lipid distribution (Bevers et al., 1999) (Daleke, 2003) and lipid rafts (Simons and 
Ikonen, 1997), remains a useful representation and is still in widespread use today. At physiological 
temperatures and full hydration, natural lipid membranes tend to form lamellar phases. However, 
the lipid phase can be altered for example, by changing the lipid composition, temperature or 
hydration. It is clear that transitions to phases other than fluid lamellar bilayers is necessary for 
normal biological processes to occur (e.g. cell fusion (Ding et al., 2005; Yang et al., 2003)), however 
in some cases transitions can be detrimental to the survival of the cell. Considerable work has been 
done to identify how a membrane's environment affects its phase behaviour. Two related fields 
engaged in this work are cryobiology and anhydrobiology. The goal of these fields – to understand 
the mechanisms with which biological organisms species are able to withstand arid and freezing 
conditions – is of both fundamental interest, and has many applications, from food storage to drug 
design. 
 
Figure 1.1. Cartoon representation of the fluid mosaic model of a lipid bilayer cell membrane 
showing transbilayer proteins and cholesterol embedded in the bilayer. Image retrieved from: 
http://www.ncnr.nist.gov/programs/reflect/rp/biology/cell_membrane.html 
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1.3 Lipids 
Lipids are a group of fat-soluble organic compounds. Many lipids, such as phospholipids, are  
amphiphilic molecules typically comprising a hydrophilic headgroup and one or two hydrophobic 
tails. Each species can be categorised according to its headgroup, number of tails, tail length and 
degree of unsaturation, with each of these characteristics capable of influencing the aggregate's 
phase behaviour. While there are hundreds of lipid species (see Table 1.1), the vast majority present 
in biological membranes are phospholipids (Heimburg, 2009) – lipids with two hydrocarbon chains 
and a headgroup containing phosphorous. The complexity of natural membranes makes it difficult 
to elucidate cause and effect relationships when studying how they react to changes in 
environment. For this reason, simple biomimetic model membrane systems are used to probe 
individual roles of components and their response to various environmental changes. These 
typically consist of one or two lipid species in water with external solutes present if desired. 
Membrane PC PE PS PI SM CL Glycolipid Cholesterol Other 
Erythrocyte (human) 20 18 7 3 18 - 3 20 11 
Plasma (rat liver) 18 12 7 3 12 - 8 19 21 
Lysosome 23 13 4 6 23 ~5 - 14 16 
Nuclear membrane 44 17 4 6 3 1 tr 10 15 
Mitochondria 38 29 0 3 0 14 tr 3 13 
Neurons 48 21 5 7 4 - 3 11 1 
Myelin 11 17 9 1 8 - 20 28 6 
Table 1.1. Lipid weight percentages of some mammalian liver cells, 
erythrocytes, and nerve cells. PC, phosphatidylcholines; PE 
phosphatidylethanolamines; PS, phosphatidylserines; PI, 
phosphatidylinositols; SM, sphingomyelin; CL, cardiolipin. Adapted from 
(Heimburg, 2009) 
The two lipids used in this thesis are dioleoylphosphatidylethanolamine (DOPE) and 
dioleoylphosphatidylcholine (DOPC). These phospholipids are representative of many lipids found 
naturally.  Phosphatidylethanolamine and phosphatidylcholine for example the two most abundant 
headgroups in many mammalian liver cells and erythrocyte plasma membranes(Sackmann, 1995). 
Additionally, mixtures of these lipids allow both lamellar bilayer phases to form, the basic structure 
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of cell membranes, as well as non-bilayer phases to form, an integral part of many biological 
functions(Seddon, 1990). 
Each has two fatty acid unsaturated hydrocarbon chains in cis configuration, with 18 carbon atoms 
in each chain and a double bond at position nine. They differ in the makeup of their headgroup, 
with the phosphatidylcholine (PC) headgroup larger than the phosphatidylethanolamine (PE) 
headgroup (see Figure 1.2). This size difference alters the spontaneous curvature of the lipids – a 
measure of the packing characteristics of the lipids and their phase behaviour. Lipids with high 
spontaneous curvature are more likely to form non-bilayer phases than those with low spontaneous 
curvature which tend to arrange themselves in bilayers. This is true of DOPE (a 'non-bilayer lipid') 
which in physiological conditions forms the inverse hexagonal phase (HII) while DOPC (a 'bilayer 
lipid') forms the fluid lamellar bilayer phase (Lα) (Cullis et al., 2000).  
 
Figure 1.2. Skeletal formulae and space filling diagrams of DOPE and 
DOPC. Image from Avanti Polar Lipids Inc. 
1.4 Lipid Polymorphism 
The phase behaviour of lipids and the role they play in biological function has been progressively 
revealed over the years. Early work established the bilayer nature of membranes with Gorter and 
Grendel correctly predicting that cell membranes are two molecules thick (Gorter and Grendel, 
1925) as opposed to Langmuir's proposal of a monolayer. This was later expanded by Danielli and 
Davson in 1934 with their proposal of the bilayer structure of membranes (Torbet and Wilkins, 
1976). Since then, significant contributions have included the work of Bear, Palmer and Schmitt 
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(Bear, Palmer et al. 1941; Palmer and Schmitt 1941) who used x-ray diffraction to discover that 
natural lipids self assemble into fluid lamellar phases upon hydration, and the work of Luzzati and 
co-workers (Luzzati and Husson 1962; Luzzati 1968; Luzzati, Tardieu et al. 1968), whose extensive 
investigations into lipid phases sparked widespread research into the lyotropic polymorphism of 
lipids. 
Lipid bilayer phases consist of two lipid monolayers with the lipid tails directed towards the centre 
of the bilayer and the lipid headgroups situated at the water/lipid boundary. Classification of these 
phases is based on the degree of lipid tail movement and lipid diffusion in the plane of the bilayer. 
The fluid lamellar bilayer (Lα) phase is the basis of cell membranes – fluid lipid tails and rapid 
mobility of the lipids. Some environments, for example low temperature or low water 
environments, can trigger transitions to the lamellar gel phase (Lβ) – straight frozen lipid tails and a 
low mobility of the lipids within the bilayer. These phases are shown in Figure 1.3. Bilayer phases 
are the most extensively studied of lipid phases. Studies of these phases have yielded information 
on, for example, bilayer structure (e.g. Tristram-Nagle et al., 2002), interdigitation of lipid 
hydrocarbon tails (McIntosh et al., 1983), the effect of hydration on bilayer dimensions (Caracciolo 
et al., 2007) and distribution of water around bilayers (McIntosh and Simon, 1986) to name a few. 
 
Figure 1.3. Lipid bilayer phases. At left is a fluid lamellar bilayer phase (Lα) 
showing fluid lipid tails, centre image shows a low hydration Lα phase, 
while at right is a lamellar gel phase (Lβ) with straight, frozen lipid tails. 
Image from (Wolfe and Bryant, 1999a) 
Although fluid bilayer phases are required for normal cell function, natural membranes also contain 
large quantities of non-bilayer lipids, with the number fractions of each type thought to be 
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regulated so that the combined spontaneous curvature is near the edge of stability (Gruner, 1985). 
This allows biological processes such as fusion to occur which may need non-bilayer lipids present 
for the formation of fusion precursor structures  (Cullis and Dekruijff 1979; Mariani, Luzzati et al. 
1988; Seddon 1990). Non-bilayer phases however cannot maintain normal membrane function, and 
such phases can be deleterious to the cell if they form inadvertently as a result of changes in the 
system's environment. 
A commonly studied example of a non-bilayer phase is the inverse hexagonal phase, consisting of 
the lipid headgroups arranged around a water cylinder with the lipid tails spreading outwards. These 
cylinders are packed on a two-dimensional hexagonal lattice (Figure 1.4). Significant investigations 
into the HII phase have been performed by among others, Gruner et al., Caffrey et al. and Seddon 
et al., so that substantial information is known about its thermotropic behaviour (Harper et al., 
2001; Seddon, 1990; Tate and Gruner, 1989), transition kinetics (Caffrey, 1985, 1987; Tate et al., 
1992), effect of lipid structure (Lewis, Mannock et al. 1989; Epand, Epand et al. 1991), and its 
relationship to biological processes such as fusion (Epand 1990; Epand 1996). While the majority 
of studies utilise fully hydrated samples, presumably because of their biological relevance, some 
studies have included low water content samples (e.g. Gawrisch, Parsegian et al. 1992; Shalaev and 
Steponkus 1999; Marrink and Mark 2004). 
 
Figure 1.4. Schematic diagram of the inverse hexagonal phase (HII) 
showing the inter-planar spacing, the water cylinder radii (RW), the repeat 
spacing of the water cylinders (d), and the d spacings of the (10) and (11) 
planes. 
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More complicated non-bilayer phases include cubic phases (Figure 1.5). These phases are complex 
three-dimensional arrangements of lipids around water channels of various shapes. Classification is 
by rotational symmetry consistent with crystallographic theory with absences of Bragg reflections 
indicating their space group. Several cubic phase have been observed in lipid/water systems such as 
DLPE/POPC (Boni and Hui, 1983), DEPE (Tenchov, Koynova et al. 1998; Sun and Zhang 2004), 
DOPE/polyethyleneglycol (Johnsson et al., 2005) and DOPE (Shyamsunder et al., 1988). Cubic 
phase formation has been shown to be promoted by repetitive temperature cycling through the Lα 
– HII transition temperature (Tenchov et al., 1998), and alternatively inhibited by the presence of 
trehalose (Tsonev, Tihova et al. 1994). See (Impéror-Clerc, 2005) for a review of cubic phases. 
 
Figure 1.5. Schematic diagram of four types of cubic phases found in lipid 
systems. Image from (Seddon et al., 2000). 
1.5 Anhydrobiology and Cryobiology 
Research into the ability of certain organisms to withstand low hydration environments has been 
carried out since the early observations of anhydrobiosis by Leeuwenhoek in 1702 (in Crowe, 
2002). The effects of water loss on a living organism are many and varied but can be broadly 
classified into biochemical changes and physical effects. Biochemical changes include protein 
denaturation, free radical creation, concentration of solutes and electro-chemical changes. These 
each have the ability to impair biological processes, however it is the rupture of membranes due to 
stresses at low water contents – a common indicator of cell death (Wolfe and Bryant, 1992) – that 
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is arguably of greater consequence. Indeed, a primary requirement of species survival during 
dehydration is preservation of the cell membranes within the organism. To achieve this, physical 
effects due to loss of water from within the cell must be prevented or mitigated. 
1.5.1 Membrane damage during dehydration 
To understand how organisms prevent damage to their cell membranes an understanding of how 
damage is inflicted to the membranes is required. Healthy cells require high levels of hydration and 
near physiological temperatures. In these conditions, lipid membranes contain fluid lamellar bilayers 
that fulfil the requirements of the cells. Removal of water from the system changes the forces acting 
on the lipids, thus altering their phase behaviour and damaging membrane function. There are two 
pathways for this dehydration to occur: 
1. Desiccation. Hydrated lipid membrane systems placed in low humidity environments results in 
water loss to the environment from the extra-cellular solvent. A consequential rise in the solute 
concentration outside the cells causes an efflux of water from the cells. This continues to dehydrate 
the cells until the osmotic gradient reaches zero and equilibrium is reached.  
2. Slow freezing. In freezing conditions, the stochastic process of ice formation almost always 
leads to initial nucleation points in the extra-cellular solvent, as this constitutes the largest volume 
fraction of the system. As the ice crystals grow, extra-cellular solutes, which are generally insoluble 
in ice, are excluded so that ice forms from pure water. The excluded solutes become increasingly 
concentrated in the remaining unfrozen solvent, thereby setting up an osmotic gradient across the 
cell membrane. Equivalently to desiccation, water effluxes from the cell in response to the change 
in osmotic pressure. It should be pointed out that the time scale for slow freezing is on the order of 
natural freezing events. On this time scale, there is time for water to efflux in response to changes 
in temperature so that the system remains at or near equilibrium. Fast freezing produced in 
laboratories occurs on a much shorter time scale so that the system vitrifies, or intra-cellular ice 
forms (an accepted indicator of cell death) before equilibrium can be reached. 
Regardless of the cause of water loss from within a cell, the result is the same – the cell shrinks 
towards a smaller volume. During this process, the surface area of the cell membrane remains 
comparatively constant, necessitating the formation of folds in the membrane. These folds become 
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more severe as the water content is reduced, and sections of lipid bilayer are forced into close 
proximity. At close approach, a large, short-range repulsion increases exponentially as the inter-
bilayer distance decreases: 
 





λ
−=
W
0
d
expPP  (1.1) 
where P is pressure, P0 the extrapolated pressure at zero separation, dw the separation between 
opposing bilayers, and λ the characteristic decay length of the force. 
This repulsion is part of a collection of empirical hydration forces which arise due to the removal of 
water from between any two hydrophilic surfaces and which dominate systems at low water 
contents (Bryant and Wolfe, 1992). The force balance is completed by a compressive lateral 
pressure pi in the plane of the membrane equal in magnitude to the hydration force times the 
separation: 
 WPd−=pi  (1.2) 
Hydration forces have been well characterised through measurements using the osmotic stress 
technique, the surface forces technique, and pipette aspiration (see Rand and Parsegian, 1989 for a 
review), and their link to membrane damage during dehydration is well established (e.g. Wolfe 1987; 
Bryant and Wolfe 1992; Wolfe and Bryant 1999). Their onset promotes the formation of phases 
with lower area per lipid, such as gel phases and non-bilayer inverse phases, and induces lateral 
phase separation, in which lipids with different hydration force characteristics separate into 
domains, altering the phase behaviour of the membrane (Bryant et al., 1992). 
Dehydration induced phase changes include transitions to other bilayer phases, such as the gel 
phase, which impairs the semi-permeability of the membrane and restricts lateral diffusion of the 
lipids. Such transitions due to hydration forces have been well documented and a two-dimensional 
analogue of the Clausius-Clapeyron equation has been developed to characterise, to first order, the 
increase in fluid-gel transition temperature due to the compressive stress (Bryant et al., 2001) :  
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where ∆Tm is the change in the transition temperature, T0 is the transition temperature at full 
hydration, ∆a is the change in lipid surface area between the fluid and gel phases, L is the enthalpy 
of transition, and pi is the lateral stress in the bilayers. 
While bilayer-bilayer transitions can impair membrane function and cause leakage of cell contents 
during the transition, they can also act as precursors to more damaging non-bilayer phases which 
rupture the membrane causing irreversible damage to the cell. Non-bilayer phases have been 
studied in the context of hydration forces during dehydration, however they have not been 
characterised to the same extent as bilayer phases, partly due to the complexity of non-bilayer lipid 
phase diagrams. Indicative of this complexity are dehydration induced non-bilayer to bilayer phase 
transitions, which appear to be counterintuitive, such as the behaviour observed by Gawrisch et al., 
who constructed a phase diagram of DOPE using NMR and x-ray diffraction (Gawrisch et al., 
1992). At lower temperatures (< 25 °C) a HII – Lα – HII re-entrant phase transition sequence was 
observed during dehydration. Some observations of a cubic phase were also noted, however were 
labelled as tentative and not assigned to a space group due to a limited number of Bragg peaks. The 
same dehydration induced HII – Lα – HII sequence was also observed below 22 °C by Rand and 
Fuller using x-ray diffraction (Rand and Fuller, 1994).  
The DOPE HII phase has been extensively studied over a range of hydrations and temperatures. 
Internal phase dimensions remain constant at excess hydration. Dehydration below this point 
causes a reduction in d spacing, attributable primarily to a reduction in the radii of the cylindrical 
water cores (Tate and Gruner, 1989). An increase in temperature also results in reduction in the d 
spacing, as additional gauche rotamers in the hydrocarbon chains decrease the spontaneous radius 
of curvature, thereby decreasing the water core radius (Tate and Gruner 1987; Turner and Gruner 
1992). 
Most studies utilise temperatures above freezing. Shalaev and Steponkus studied DOPE over the 
range -45 °C to 30 °C and equilibrated over a range of water contents in order to construct a phase 
diagram including samples with ice formation (Shalaev and Steponkus, 1999). Of interest is their 
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observation of the inverted ribbon phase with ordered hydrocarbon chains (Pδ) at water contents 
less than 0.5 wt%. A ribbon phase with disordered hydrocarbon chains was also observed by Pohle 
et al. (2001) in dehydrated DOPE samples. In both cases, phase assignment was tentative due to 
limited higher order Bragg peaks. 
Mixtures of DOPE/DOPC add further complexity to lyotropic phase identification with 
observations of a rhombohedral phase and a distorted hexagonal phase using substrate supported 
samples and x-ray diffraction (Yang et al., 2003). The rhombohedral phase was found to be 
intermediate between the Lα and HII phases, and closely resembles the fusion intermediate stalk 
structure (Gruner, 2002; Marrink and Mark, 2004).  
1.5.2 Desiccation tolerance / sugar research 
A widespread strategy in the study of anhydrobiology and cryobiology has been to gain an 
understanding of the natural defences of biological species to extreme cold and dry environments. 
Thus many species that are able to withstand these environmental extremes – including desert 
plants and animals, resurrection species and seeds – have been investigated. A common attribute is 
their accumulation of sugars, which has been established as a key to their ability to survive 
dehydration and then regain normal biological processes upon rehydration (eg. Calderon et al., 
2009). Sugars have found widespread use as protective agents in many applications due to their 
availability, efficacy and non-toxicity. Despite this use, there is still debate over the mechanisms by 
which they are able to preserve membranes during dehydration. Two dominant and largely 
competing theories have been proposed to explain the membrane preserving effects of sugars 
during dehydration. These are outlined below. 
1. Water Replacement Hypothesis (Crowe, Crowe et al. 1987; Crowe 2002).  
In this theory, at very low water contents sugar molecules interact with the lipid polar headgroups 
via hydrogen bonds, replacing the removed water. By doing so, the sugar molecules are partially 
adsorbed into the plane of the membrane, effectively replacing water molecules at sites around the 
lipid headgroups. The presence of the sugar molecules prevents a reduction in the area per lipid 
during dehydration, thereby decreasing phase transition temperatures.  
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2. Hydration Forces Explanation (Bryant and Koster, 2004; Bryant et al., 2001; Wolfe and 
Bryant, 1999a). In contrast to the water replacement hypothesis, the hydration forces explanation 
does not require direct hydrogen bonding between sugar and lipids. Instead membrane preservation 
is achieved by a combination of various effects due to the presence of the sugars. These effects can 
occur due to sugars being small uncharged molecules of a suitable size to locate between opposing 
bilayers and are non-specific to sugar species – indeed any uncharged non-toxic solute of a similar 
size would have a similar effect. Mechanisms of protection are: 
Osmotic effects. Increasing the concentration of any solute lowers the chemical potential of water. 
By increasing sugar concentration, more water is retained within the system for a given osmotic 
pressure, thereby increasing hydration and delaying the onset of hydration forces during slow 
freezing and desiccation. 
Volumetric effects. By locating between opposing bilayers, sugars can prevent their close 
approach, thereby reducing the mechanical stress experienced by the membrane. In this capacity 
the nature of the sugar in not important. Instead, the size of the sugar, or indeed any molecule, is 
the primary factor. Molecules that are too small would still allow close approach of membranes, 
while molecules that are too large – such as many proteins – would simply be excluded from the 
inter-membrane regions during dehydration. 
Vitrification. Glass formation of the inter-membrane layer can have dramatic effects on the phase 
behaviour of membranes during dehydration. If the solution vitrifies before damaging phase 
transitions to non-bilayer phases occur, the glass can prevent close approach of membranes, inhibit 
a reduction in area per lipid and significantly reduce phase transition temperatures (Koster et al., 
2000). 
While the above theories are not mutually exclusive – it is feasible that hydrogen bonding could 
occur between lipids and sugars independently of non-specific sugar effects altering phase 
behaviour, there has been considerable debate over their relative importance in the preservation of 
biological membranes. Among several points of contention are early reports suggesting the water 
replacement hypothesis is specific to trehalose (Crowe et al., 1984), however numerous studies have 
shown similar cryopreservation effects using other sugars such as sucrose and raffinose (Bryant and 
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Koster, 2004; Yoon et al., 1998). Indeed there is a wealth of evidence to show that the non-specific 
effects of sugars play a primary role in membrane preservation during dehydration, such that after 
taking into account partial sugar exclusion from the inter-membrane solution, the effects of sugars 
on the fluid lamellar to gel transition temperature could be modelled quantitatively (Lenne et al., 
2007; Lenne et al., 2009). Recent studies have proposed sugar exclusion from lipid phases is 
dependent on the amount of sugar in the system, such that the mechanism of membrane 
protection by sugars may differ according to the sugar concentration (Andersen et al., 2011; Westh, 
2008). 
The effect of sugars on dehydration induced non-bilayer phase transitions have not been 
characterised to the same extent. Sucrose and trehalose were found to favour HII phase formation 
in DSPE and DHPE (Koynova et al., 1989; Tsonev et al., 1994), an effect attributed to a water 
ordering effect of the sugars. A study of DOPE dehydrated in the presence of sucrose suggested 
that the high viscosity of the sucrose solution during dehydration prevents the thermotropic HII – 
Lβ transition as well as the lyotropic HII – liquid crystalline phase and HII – inverse ribbon phase 
transitions (Shalaev and Steponkus, 2001). However, the complex phase behaviour of non-bilayer 
lipids, particularly in the presence of sugars, combined with the relative scarcity of data, has 
hampered quantitative modelling comparable to that for bilayer-bilayer transitions.  
1.6 Experimental methods 
A large factor in the significant progress made in the body of knowledge of lipid membranes has 
been the increased information available as instrumentation matures. This is particularly true of x-
ray scattering, which has progressed from film and densitometer technology to high resolution real 
time detectors and 3rd generation synchrotrons. X-ray scattering played a key role in the 
confirmation of the bilayer structure of biological membranes, and more recently has enabled 
kinetic studies of phase transitions (eg. Caffrey, 1985, 1987; Caffrey, 1989; Erbes et al., 2000; 
Kraineva et al., 2005; Lenné et al., 2010) and glimpses of short-lived structures during transitions 
(Cunningham et al., 1994; Rappolt et al., 2003) using high resolution synchrotron small angle x-ray 
scattering. 
  14 
SAXS provides a simple means to determine lipid phases and repeat spacing. Used together with 
differential scanning calorimetry to determine phase transitions and enthalpies (Chen et al., 1980; 
Epand, 1985; Ulrich et al., 1994), phase diagrams can be mapped out.  
With further analysis of SAXS data, it is possible to reconstruct electron density profiles of lipid 
phases. Using bulk lipid samples (powder samples), electron density correlations are found in terms 
of a position vector. This has been implemented successfully by Harper et al. for the non bilayer HII 
phase (Harper et al., 2001) and cubic phases (Harper and Gruner, 2000; Harper et al., 2000).  
X-ray diffraction using substrate supported aligned samples, such as bilayers assembled epitaxially 
with the substrate, has also developed considerably. By suitable arrangement of the scattering 
geometry, the sample resembles a one dimensional crystal and electron density correlations are 
found in the direction normal to the substrate. Detailed representations of bilayer lipids have been 
established, yielding information about area per lipid, bilayer thickness, liquid crystal fluctuations 
and various other parameters that describe the structure and behaviour of a bilayer in various 
environments (Nagle, Zhang et al. 1996; Tristram-Nagle, Petrache et al. 1998; Nagle and Tristram-
Nagle 2000; Tristram-Nagle and Nagle 2004; Kucerka, Liu et al. 2005; Kucerka, Tristram-Nagle et 
al. 2005). Neutron diffraction, which results in a scattering length density profile of the bilayer, 
complements x-ray scattering by permitting selective deuteration of components, thereby labelling 
them in the profile. This is particularly useful for the study of membrane interaction with external 
particles (Dante et al., 2002; Dennison et al., 2005). 
X-ray and neutron diffraction techniques have also been applied to aligned non-bilayer phases. By 
combining a scan normal to the plane of the substrate and off-specular reflection, a complete 
diffraction pattern can be obtained (Ding et al., 2004). This provides several advantages over 
powder diffraction, including the ability to distinguish reflections which would otherwise overlap. 
This technique was used to observe and study the rhombohedral phase and stalk structure, 
postulated to be a membrane fusion intermediate (Yang and Huang 2002; Yang and Huang 2003). 
Small angle neutron scattering (SANS) also allows selective deuteration of components to 
distinguish their location within complex mixtures. This is extensively used in contrast variation 
SANS in which the scattering contrast of the solution is varied so that components with different 
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scattering length densities can be identified and located (Demé and Zemb, 2000; Lenne et al., 2006; 
Stuhrmann, 2007). Commonly the H2O/D2O ratio of a water solution is varied so that the contrast 
of the solution can be matched to select components. 
In addition to the techniques above, several other experimental methods are employed in the study 
of lipid systems. Solid state NMR can provide phase information and diffusion rates (eg. Boni and 
Hui, 1983), freeze fracture electron microscopy has been used to provide images of lipid phases (eg 
Meyer and Richter, 2001), and Fourier transform infra-red spectroscopy can be used to determine 
bonding characteristics within systems. However, these techniques can suffer from ambiguity or 
artefacts in results and are generally used in conjunction with scattering experiments to provide 
more robust structural information.  
1.7 Thesis Structure 
The thesis aims to investigate the effects of sugars on lipid systems with the objective of 
determining how sugars alter the propensity of membrane lipids to undergo deleterious phase 
transitions to non-bilayer phases. While dehydration induced bilayer-bilayer transitions have been 
extensively investigated in the presence of sugars, there is a deficiency of data on the effect of 
sugars on dehydration induced transitions to non-bilayer phases. This thesis aims to perform the 
first systematic studies in this area, and use the results to better understand the role of sugars in 
membrane protection during dehydration. 
Chapter 2 introduces the scattering theory and data analysis relevant to the following chapters. 
Chapter 3 outlines the experimental methods, apparatus and materials used in the project. Chapter 
4 presents an overview of the SAXS results, detailing the phase diagrams and structural parameters 
for the DOPE/DOPC/sucrose system as functions of osmotic pressure, lipid ratio and sugar ratio. 
The observation of the inverse fluid ribbon phase (Pα) within this system at low hydration is 
investigated further in Chapter 5, including examining the effect of sucrose on this phase. Chapter 6 
aims to elucidate the nature of the interaction between the sugars and non-bilayer lipids by 
determining the location of the sugars with respect to the lipid headgroups using contrast variation 
small angle neutron scattering. Sugar/lipid interactions are investigated further in Chapter 7, in 
which x-ray membrane diffraction experiments are used to reconstruct electron density profiles of 
DOPC bilayers with and without sugars present, thereby developing a high resolution image of the 
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location of the sugars and their proximity to the bilayers. Finally, Chapter 8 summarises the main 
conclusions and outlines constructive future work aligned with the aims of this thesis.  
1.8 References 
Andersen, H.D., Wang, C., Arleth, L., Peters, G.H., Westh, P., 2011. Reconciliation of opposing 
views on membrane - sugar interactions. Proceedings of the National Academy of Sciences 108, 
1874-1878. 
Bevers, E.M., Comfurius, P., Dekkers, D.W.C., Zwaal, R.F.A., 1999. Lipid translocation across the 
plasma membrane of mammalian cells. Biochimica et Biophysica Acta (BBA) - Molecular and Cell 
Biology of Lipids 1439, 317-330. 
Boni, L.T., Hui, S.W., 1983. Polymorphic phase behaviour of dilinoleoylphosphatidylethanolamine 
and palmitoyloleoylphosphatidylcholine mixtures : Structural changes between hexagonal, cubic and 
bilayer phases. Biochimica et Biophysica Acta (BBA) - Biomembranes 731, 177-185. 
Bryant, G., Koster, K.L., 2004. Dehydration of solute-lipid systems: hydration forces analysis. 
Colloids and Surfaces B: Biointerfaces 35, 73-79. 
Bryant, G., Koster, K.L., Wolfe, J., 2001. Membrane behaviour in seeds and other systems at low 
water content: the various effects of solutes. Seed Science Research 11, 17-25. 
Bryant, G., Pope, J.M., Wolfe, J., 1992. Low hydration phase properties of phospholipid mixtures, 
Evidence for dehydration-induced fluid-fluid separations. European Biophysics Journal 21, 223-
232. 
Bryant, G., Wolfe, J., 1992. Interfacial Forces in Cryobiology and Anhydrobiology. Cryo Letters 13, 
23-26. 
Caffrey, M., 1985. Kinetics and mechanism of the lamellar gel/lamellar liquid-crystal and 
lamellar/inverted hexagonal phase transition in phosphatidylethanolamine: A real-time x-ray 
diffraction study using synchrotron radiation. Biochemistry 24, 4826-4844. 
Caffrey, M., 1987. Kinetics and mechanism of transitions involving the lamellar, cubic, inverted 
hexagonal, and fluid isotropic phases of hydrated monoacylglycerides monitored by time-resolved 
x-ray diffraction. Biochemistry 26, 6349-6363. 
Caffrey, M., 1989. The Study of Lipid Phase Transition Kinetics by Time-Resolved X-Ray 
Diffraction. Annual Review of Biophysics and Biophysical Chemistry 18, 159-186. 
Calderon, S., Holmstrup, M., Westh, P., Overgaard, J., 2009. Dual roles of glucose in the freeze-
tolerant earthworm Dendrobaena octaedra: cryoprotection and fuel for metabolism. Journal of 
Experimental Biology 212, 859-866. 
  17 
Caracciolo, G., Pozzi, D., Caminiti, R., 2007. Hydration effect on the structure of 
dioleoylphosphatidylcholine bilayers. Applied Physics Letters 90, 183901-183903. 
Chen, S.C., Sturtevant, J.M., Gaffney, B.J., 1980. Scanning calorimetric evidence for a third phase 
transition in phosphatidylcholine bilayers. Proceedings of the National Academy of Sciences of the 
United States of America 77, 5060-5063. 
Crowe, J.H., Crowe, L.M., Chapman, D., 1984. Preservation of Membranes in Anhydrobiotic 
Organisms: The Role of Trehalose. Science 223, 701-703. 
Crowe, L.M., 2002. Lessons from nature: the role of sugars in anhydrobiosis. Comparative 
Biochemistry and Physiology - Part A: Molecular & Integrative Physiology 131, 505-513. 
Cullis, P.R., Hope, M.J., de Kruijff, B., Verkleij, A.J., Tilcock, C.P.S., 2000. Structural Properties and 
Functional Roles of Phospholipids in Biological Membranes, In: Kuo, J.F. (Ed.), Phospholipids and 
Cellular Regulation. CRC Press, Boca Raton, pp. 1-59. 
Cunningham, B.A., Bras, W., Lis, L.J., Quinn, P.J., 1994. Synchrotron X-ray studies of lipids and 
membranes: a critique. Journal of biochemical and biophysical methods 29, 87-111. 
Daleke, D.L., 2003. Regulation of transbilayer plasma membrane phospholipid asymmetry. J. Lipid 
Res. 44, 233-242. 
Dante, S., Hauss, T., Dencher, N.A., 2002. beta-amyloid 25 to 35 is intercalated in anionic and 
zwitterionic lipid membranes to different extents. Biophysical Journal 83, 2610-2616. 
Demé, B., Zemb, T., 2000. Measurement of sugar depletion from uncharged lamellar phases by 
SANS contrast variation. Journal of Applied Crystallography 33, 569-573. 
Dennison, S.R., Dante, S., Hauss, T., Brandenburg, K., Harris, F., Phoenix, D.A., 2005. 
Investigations into the membrane interactions of m-calpain domain V. Biophysical Journal 88, 
3008-3017. 
Ding, L., Liu, W., Wang, W., Glinka, C.J., Worcester, D.L., Yang, L., Huang, H.W., 2004. 
Diffraction Techniques for Nonlamellar Phases of Phospholipids. Langmuir 20, 9262-9269. 
Ding, L., Weiss, T.M., Fragneto, G., Liu, W., Yang, L., Huang, H.W., 2005. Distorted Hexagonal 
Phase Studied by Neutron Diffraction: Lipid Components Demixed in a Bent Monolayer. 
Langmuir 21, 203-210. 
Epand, R.M., 1985. High sensitivity differential scanning calorimetry of the bilayer to hexagonal 
phase transitions of diacylphosphatidylethanolamines. Chemistry and Physics of Lipids 36, 387-393. 
Erbes, J., Gabke, A., Rapp, G., Winter, R., 2000. Kinetics of phase transformations between 
lyotropic lipid mesophases of different topology: a time-resolved synchrotron X-ray diffraction 
study using the pressure-jump relaxation technique. Physical Chemistry Chemical Physics 2, 151-
162. 
  18 
Gawrisch, K., Parsegian, V.A., Hajduk, D.A., Tate, M.W., Gruner, S.M., Fuller, N.L., Rand, R.P., 
1992. Energetics of a Hexagonal Lamellar Hexagonal-Phase Transition Sequence in 
Dioleoylphosphatidylethanolamine Membranes. Biochemistry 31, 2856-2864. 
Gorter, E., Grendel, F., 1925. On bimolecular layers of lipoids on the chromocytes of the blood. J. 
Exp. Med. 41, 439-443. 
Gruner, S.M., 1985. Intrinsic Curvature Hypothesis for Biomembrane Lipid Composition: A Role 
for Nonbilayer Lipids. PNAS 82, 3665-3669. 
Gruner, S.M., 2002. MEMBRANE FUSION: Caught in the Act. Science 297, 1817-1818. 
Harper, P.E., Gruner, S.M., 2000. Electron density modeling and reconstruction of infinite periodic 
minimal surfaces (IPMS) based phases in lipid-water systems. I. Modeling IPMS-based phases. The 
European Physical Journal E: Soft Matter and Biological Physics 2, 217-228. 
Harper, P.E., Gruner, S.M., Lewis, R., McElhaney, R.N., 2000. Electron density modeling and 
reconstruction of infinite periodic minimal surfaces (IPMS) based phases in lipid-water systems. II. 
Reconstruction of D surface based phases. European Physical Journal E 2, 229-245. 
Harper, P.E., Mannock, D.A., Lewis, R.N.A.H., McElhaney, R.N., Gruner, S.M., 2001. X-ray 
diffraction structures of some phosphatidylethanolamine lamellar and inverted hexagonal phases. 
Biophysical Journal 81, 2693-2706. 
Heimburg, T., 2009. Physical Properties of Biological Membranes, In: Bohr, H., G. (Ed.), 
Handbook of Molecular Biophysics. Methods and Applications. Wiley, Weinheim. 
Impéror-Clerc, M., 2005. Thermotropic cubic mesophases. Current Opinion in Colloid & Interface 
Science 9, 370-376. 
Johnsson, M., Barauskas, J., Tiberg, F., 2005. Cubic phases and cubic phase dispersions in a 
phospholipid-based system. Journal of the American Chemical Society 127, 1076-1077. 
Koster, K.L., Ping Lei, Y., Anderson, M., Martin, S., Bryant, G., 2000. Effects of vitrified and 
nonvitrified sugars on phosphatidylcholine fluid-to-gel phase transitions. Biophysical Journal 78, 
1932. 
Koynova, R.D., Tenchov, B.G., Quinn, P.J., 1989. Sugars Favor Formation of Hexagonal (Hii) 
Phase at the Expense of Lamellar Liquid-Crystalline Phase in Hydrated Phosphatidylethanolamines. 
Biochimica Et Biophysica Acta 980, 377-380. 
Kraineva, J., Narayanan, R.A., Kondrashkina, E., Thiyagarajan, P., Winter, R., 2005. Kinetics of 
Lamellar-to-Cubic and Intercubic Phase Transitions of Pure and Cytochrome c Containing 
Monoolein Dispersions Monitored by Time-Resolved Small-Angle X-ray Diffraction. Langmuir 21, 
3559-3571. 
  19 
Lenne, T., Bryant, G., Garvey, C.J., Keiderling, U., Koster, K.L., 2006. Location of sugars in 
multilamellar membranes at low hydration. Physica B: Condensed Matter 385-386, 862-864. 
Lenne, T., Bryant, G., Holcomb, R., Koster, K.L., 2007. How much solute is needed to inhibit the 
fluid to gel membrane phase transition at low hydration? Biochimica et Biophysica Acta (BBA) - 
Biomembranes 1768, 1019-1022. 
Lenne, T., Garvey, C.J., Koster, K.L., Bryant, G., 2009. Effects of Sugars on Lipid Bilayers during 
Dehydration: SAXS/WAXS Measurements and Quantitative Model. The Journal of Physical 
Chemistry B 113, 2486-2491. 
Lenné, T., Garvey, C.J., Koster, K.L., Bryant, G., 2010. Kinetics of the lamellar gel-fluid transition 
in phosphatidylcholine membranes in the presence of sugars. Chemistry and Physics of Lipids 163, 
236-242. 
Marrink, S.-J., Mark, A.E., 2004. Molecular view of hexagonal phase formation in phospholipid 
membranes. Biophysical Journal 87, 3894-3900. 
McIntosh, T.J., McDaniel, R.V., Simon, S.A., 1983. Induction of an interdigitated gel phase in fully 
hydrated phosphatidylcholine bilayers. Biochimica et Biophysica Acta (BBA) - Biomembranes 731, 
109-114. 
McIntosh, T.J., Simon, S.A., 1986. Area per molecule and distribution of water in fully hydrated 
dilauroylphosphatidylethanolamine bilayers. Biochemistry 25, 4948-4952. 
Meyer, H.W., Richter, W., 2001. Freeze-fracture studies on lipids and membranes. Micron 32, 615-
644. 
Pohle, W., Selle, C., Gauger, D.R., Brandenburg, K., 2001. Lyotropic Phase Transitions in 
Phospholipids as Evidenced by Small-Angle Synchrotron X-Ray Scattering. Journal of 
Biomolecular Structure & Dynamics 19, 351-364. 
Rand, R.P., Fuller, N.L., 1994. Structural dimensions and their changes in a reentrant hexagonal-
lamellar transition of phospholipids. Biophysical Journal 66, 2127-2138. 
Rand, R.P., Parsegian, V.A., 1989. Hydration Forces between Phospholipid Bilayers. Biochimica Et 
Biophysica Acta 988, 351-376. 
Rappolt, M., Hickel, A., Bringezu, F., Lohner, K., 2003. Mechanism of the lamellar/inverse 
hexagonal phase transition examined by high resolution x-ray diffraction. Biophysical Journal 84, 
3111-3122. 
Sackmann, E., 1995. Biological Membranes Architecture and Function, In: Lipowsky, R., 
Sackmann, E. (Eds.), Structure and Dynamics of Membranes: From Cells to Vesicles. Elsevier B.V., 
Amsterdam. 
  20 
Seddon, J.M., 1990. Structure of the inverted hexagonal (HII) phase, and non-lamellar phase 
transitions of lipids. Biochimica et Biophysica Acta (BBA) - Reviews on Biomembranes 1031, 1-69. 
Seddon, J.M., Robins, J., Gulik-Krzywicki, T., Delacroix, H., 2000. Inverse micellar phases of 
phospholipids and glycolipids. Physical Chemistry Chemical Physics 2, 4485-4493. 
Shalaev, E.Y., Steponkus, P.L., 1999. Phase diagram of 1,2-dioleoylphosphatidylethanolamine 
(DOPE):water system at subzero temperatures and at low water contents. Biochimica et Biophysica 
Acta (BBA) - Biomembranes 1419, 229-247. 
Shalaev, E.Y., Steponkus, P.L., 2001. Phase behavior and glass transition of 1,2-
dioleoylphosphatidylethanolamine (DOPE) dehydrated in the presence of sucrose. Biochimica et 
Biophysica Acta (BBA) - Biomembranes 1514, 100-116. 
Shyamsunder, E., Gruner, S.M., Tate, M.W., Turner, D.C., So, P.T.C., Tilcock, C.P.S., 1988. 
Observation of inverted cubic phase in hydrated dioleoylphosphatidylethanolamine membranes. 
Biochemistry 27, 2332-2336. 
Simons, K., Ikonen, E., 1997. Functional rafts in cell membranes. Nature 387, 569-572. 
Singer, S.J., Nicolson, G.L., 1972. FLUID MOSAIC MODEL OF STRUCTURE OF CELL-
MEMBRANES. Science 175, 720-&. 
Stuhrmann, H.B., 2007. Contrast variation in X-ray and neutron scattering. Journal of Applied 
Crystallography 40, S23-S27. 
Tate, M.W., Gruner, S.M., 1989. Temperature dependence of the structural dimensions of the 
inverted hexagonal (HII) phase of phosphatidylethanolamine-containing membranes. Biochemistry 
28, 4245-4253. 
Tate, M.W., Shyamsunder, E., Gruner, S.M., D'Amico, K.L., 1992. Kinetics of the lamellar-inverse 
hexagonal phase transition determined by time-resolved x-ray diffraction. Biochemistry 31, 1081-
1092. 
Tenchov, B., Koynova, R., Rapp, G., 1998. Accelerated Formation of Cubic Phases in 
Phosphatidylethanolamine Dispersions. Biophys. J. 75, 853-866. 
Torbet, J., Wilkins, M.H.F., 1976. X-Ray-Diffraction Studies of Lecithin Bilayers. J. Theor. Biol. 62, 
447-458. 
Tristram-Nagle, S., Liu, Y.F., Legleiter, J., Nagle, J.F., 2002. Structure of gel phase DMPC 
determined by X-ray diffraction. Biophysical Journal 83, 3324-3335. 
Tsonev, L.I., Tihova, M.G., Brain, A.P.R., Yu, Z.W., Quinn, P.J., 1994. The Effect of the 
Cryoprotective Sugar, Trehalose on the Phase-Behavior of Mixed Dispersions of Dioleoyl 
Derivatives of Phosphatidylethanolamine and Phosphatidylcholine. Liquid Crystals 17, 717-728. 
  21 
Ulrich, A.S., Sami, M., Watts, A., 1994. Hydration of DOPC bilayers by differential scanning 
calorimetry. Biochimica et Biophysica Acta (BBA) - Biomembranes 1191, 225-230. 
Westh, P., 2008. Glucose, sucrose and trehalose are partially excluded from the interface of 
hydrated DMPC bilayers. Physical Chemistry Chemical Physics 10, 4110-4112. 
Wolfe, J., Bryant, G., 1992. Physical principles of membrane damage due to dehydration and 
freezing, In: Karalis, T.K. (Ed.), NATO ASI Series Vol H 64 Mechanics of Swelling. Springer-
Verlag, Berlin Heidelberg. 
Wolfe, J., Bryant, G., 1999. Freezing, Drying, and/or Vitrification of Membrane-Solute-Water 
Systems. Cryobiology 39, 103-129. 
Yang, L., Ding, L., Huang, H.W., 2003. New phases of phospholipids and implications to the 
membrane fusion problem. Biochemistry 42, 6631-6635. 
Yoon, Y.H., Pope, J.M., Wolfe, J., 1998. The effects of solutes on the freezing properties of and 
hydration forces in lipid lamellar phases. Biophysical Journal 74, 1949-1965. 
 
 
 
 

  23 
C h a p t e r  2  
THEORY 
2.1 Introduction 
This chapter provides a brief overview of small angle scattering of x-rays and neutrons by model 
biological membrane lipid systems. Its purpose is to outline the theory used in the following 
chapters and so discussion is limited to the theory behind the experimental techniques and data 
analysis methods employed. For a more complete introduction to small angle scattering, including 
data analysis methods not covered here, many texts are available including Warren (1969) and 
Linder (2002).  
Small angle x-ray and small angle neutron scattering are complementary techniques useful in the 
study of lipid systems. The length scales covered by small angle scattering (5-25 nm) are appropriate 
for investigating mesoscopic lipid phases. SAXS provides a convenient technique for the 
unambiguous determination of phase structure while SANS provides non-destructive examination 
of the location of components within lipid systems using isotopic substitution. The basic scattering 
principles are the same for both techniques (as well as for light scattering). 
2.2 Basic Scattering Theory 
A scattering event consists of an incident wave impinging on a scattering element which generates a 
secondary wave that radiates isotropically from the scattering element. For a system with many 
scattering elements, if the distance between scattering elements is of the same order as the incident 
wavelength then the scattered waves will interfere by superposition in the far field, creating a 
diffraction pattern. For x-ray scattering, this involves an incident x-ray impinging on an electron. 
The transverse electric field of the incident x-ray exerts a force on the electron causing it to 
oscillate. The electron's acceleration produces the secondary, or scattered x-ray. For neutron 
scattering, this consists of an incident neutron interacting with a nucleus via short range nuclear 
forces or via a magnetic dipole moment interaction with an unpaired electron. This thesis will focus 
on elastic scattering. That is scattering in which the scattered wave has the same energy as the 
incident wave. Inelastic scattering – in which the incident wave imparts some of its energy to the 
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scattering element, contributes to the background noise floor and is undesirable in scattering 
studies investigating the structure of the sample. 
For elastic scattering the diffraction pattern can be expressed as a function of the magnitude of the 
scattering vector q – the difference between the incident wave vector ki and its corresponding 
scattered wavevector ks 
 
λ
θpi
=−==
sin4q is
kkq
 (2.1) 
Where 2θ is the angle between the wavevectors, λ is the wavelength of the waves and both the 
incident and scattered wavevectors have the magnitude 2pi/λ. The scattering vector is equal to the 
change in momentum of a particle being scattered by a scattering element and is sometimes (more 
commonly with neutron scattering) referred to as the momentum transfer.  
Maxima in the scattering pattern due to multiple scattered waves constructively interfering at the 
point of detection occur when their path length differences are a multiple of the wavelength. For a 
scattering sample with scattering elements arranged in planes, and knowing the scattering angle 
from the geometry of the system, the interplanar distance, d,  can then be related to the position of 
the maxima in the scattering pattern: 
 θ=λ sind2n  (2.2) 
Where n is the order of diffraction and θ is the scattering angle.  
Equation (2.2) is known as Bragg's law and is shown schematically in Figure 2.. Combining this 
with equation (2.1) yields the useful relationship between the interplanar distance d in real space 
and the spacing of a Bragg peak in reciprocal, or q space: 
 
q
2d pi=  (2.3) 
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Figure 2.1. Example basic scattering diagram for a bilayer lipid phase 
showing the incident waves ki, the scattered waves ks, the interplanar 
distance (or repeat spacing of the bilayers) d, and the scattering angle 2θ. 
2.3 Small Angle X-ray Scattering 
Small angle x-ray scattering (SAXS) instrumentation can be divided into lab based instruments and 
synchrotron beamline instruments. Lab based instruments employ a coupled cathode and anode, 
with electrons emitted by the cathode impinging on the anode and exciting electrons therein. These 
electrons then relax to their original energy state, emitting x-rays in the process. X-rays due to the 
de-excitation of electrons result in well defined sharp peaks of known wavelengths corresponding 
to the energy lost as the electrons transition to their original energy state. As the energy of the 
electrons is defined by the difference in the energy states of the electrons in the anode, the energy 
of the x-rays is dependent on the anode material, with copper being a common choice. In addition 
to these well defined characteristic x-ray peaks, a lower intensity background of Bremsstrahlung – 
x-rays produced when charged particles decelerate as they impinge on the anode – is also present. 
Figure 2.2 shows the emission spectrum for copper.  
Lab based x-ray sources are limited by their ability to dissipate heat from the anode. Higher fluxes 
therefore require synchrotrons which produce x-rays by directing a beam of electrons around a 
storage ring, thereby eliminating the need for an anode. As the electrons rotate around the ring they 
are accelerated towards the centre of the ring which causes them to emit x-rays at a tangent to the 
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direction of travel of the electron. Large numbers of electrons travelling at speeds close to the 
speed of light can be stored in the main ring and x-ray fluxes many orders of magnitude greater 
than laboratory sources are possible. 
 
Figure 2.2. X-ray emission spectrum for copper. The sharp peaks 
corresponding x-rays produced by electrons relaxing back to their original 
energy level following excitation by an impinging electron. The 
background radiation is Bremsstrahlung radiation emitted when electron 
decelerate as they impinge on the anode. From Department of Materials 
Science and Metallurgy, University of Cambridge. 
2.3.1 SAXS of Lipid Phases 
On the atomic scale, individual electrons of atoms provide the scattering elements that scatter 
incident x-rays and the scattering pattern measures spatial correlations of discrete electron 
positions. On the mesoscopic scale of lipid phases it is more useful to consider a continuous 
electron density profile. Information about the electron density profile on this scale is found in the 
small angle x-ray scattering (SAXS) region (2θ < 10°), which measures spatial correlations in the 
electron density profile. 
The contrast in the electron density profiles of lipid systems is due to the higher electron density in 
lipid headgroups compared to the low electron density of their acyl chains. Following lipid self 
assembly into a liquid crystal phase, their arrangement results in regions of higher electron density 
corresponding to areas high in headgroups and lower electron density corresponding to areas of 
acyl chains, as shown schematically in Figure 2.3. 
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Figure 2.3. Profile of the Lα phase of DOPE showing the electron density 
for each component across the bilayer. After (Harper et al., 2001). 
Thus the periodic arrangement of the headgroups in a liquid crystal lipid system is analogous to the 
periodic arrangement of electrons in a crystal lattice. The geometry of the lipid phase determines 
the interplanar spacings, resulting in Bragg peak locations that are characteristic of the lipid phase 
(or phases) in the system. 
For a lamellar bilayer phase, the highest spatial correlation is due to the repetitive spacing of the 
lipid headgroups in the direction perpendicular to the bilayer plane. In this regard, the system is 
analogous to a 1 dimensional crystal. 
The locations of the Bragg peaks due to a bilayer phase (Figure 2.4) are equally spaced in reciprocal 
space (Figure 2.5): 
 1n nqq =  (2.4) 
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where qn is the magnitude of the scattering vector for diffraction order n, and q1 is the position of 
the first Bragg peak, determined by the interplanar spacing according to equation (2.3). 
 
Water layer
thickness
Bilayer
thickness
d spacing
Lipid-lipid spacing
 
Figure 2.4. Schematic diagram of the fluid bilayer phase (Lα) with phase 
dimensions indicated. Examples of SAXS scattering planes are shown as 
dashed green lines. 
Additionally, spatial correlations exist in the plane of the bilayer which are related to the inter-chain 
spacing of the lipid acyl chains. This results in a Bragg peak at higher Q with a profile dependent on 
the packing structure of the lipid acyl chains. A highly disordered fluid arrangement of acyl chains 
results in a broad Bragg peak centred around the mean inter-chain distance, while a phase with a 
highly ordered acyl chain packing with restricted movement results in a sharp Bragg peak at high Q. 
An example of the SAXS pattern for a bilayer phase is shown in Figure 2.5. 
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Figure 2.5. Example of a radially averaged SAXS pattern for lamellar 
bilayer phase showing the first four Bragg reflections. 
For the inverse hexagonal phase, spatial reflections are provided by the (10) and (11) planes, where 
the numbers in the brackets are Miller indices – a set of numbers which quantify the intersection of 
the planes with the main crystallographic axes (Kittel, 2005). Figure 2.6 shows a schematic of the 
HII phase, showing the relevant structural parameters.  
d10 spacing
d11 spacing
Rw
d spacing
 
Figure 2.6. Schematic diagram of the inverse hexagonal phase (HII) 
showing the interplanar spacings of the (10) (green dashed lines) and (11) 
(red dashed lines) planes. Also indicated is the d spacing and water cylinder 
radius (Rw).  
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From the geometry of the system, it can be seen that  
 101110 d3
2d           and          d 3d ==  (2.5) 
Thus, in reciprocal space, the Bragg peak due to the (11) plane has a scattering angle magnitude 
3 times that of the (10) plane. Including the higher diffraction orders, it can be seen that the 
Bragg peak locations index according to the ratios: 
 ...:7:4:3:1  (2.6) 
or more generally, the reciprocal spacing (q) value of the (hk) Bragg peak is given by: 
 ( )2210hk khkhqq ++=  (2.7) 
An example of a SAXS pattern for  a HII phase is shown in Figure 2.7, with the (hk) planes 
identified. 
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Figure 2.7. Example of a radially averaged SAXS pattern for an inverse 
hexagonal phase showing the Bragg reflections with their corresponding 
planes indicated 
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Similarly, the reciprocal spacing of cubic phases is given by: 
 
a
lkh2q
222
hkl
++pi
=  (2.8) 
where h, k and l are Miller indices, and a is the lattice spacing.  
The space group of a cubic phase is determined from systematic extinctions of Bragg reflections 
which result from the degree of symmetry of the phase. The position of the observed reflections 
are compared with reflections allowed for each cubic phase in order to identify the space group. 
Allowed reflections for several cubic phases observed in phospholipids are shown in Table 2.1. 
Spacings 
Ratio 
Ia3d Pn3m Im3m 
1    
√2  110 110 
√3  111  
2  200 200 
√5    
√6 211 211 211 
√8 220 220 220 
3  221  
√10  310 310 
√11  311  
√12  222 222 
√13    
√14 321 321 321 
4 400 400 400 
Table 2.1. Allowed Bragg reflections for several cubic phases observed in 
phospholipid systems (Mariani et al., 1988). 
2.3.2 Electron Density Reconstruction 
The scattering pattern measured by SAXS is related to the spatial correlations of electron density in 
the scattering sample by a Fourier transform. Accordingly, the electron density profile of a sample 
can be reconstructed from its scattering pattern by performing an inverse Fourier transform: 
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 ( ) ( ) ( )[ ] hdxhpii2exphΦxρ 3
V*
⋅−= ∫  (2.9) 
Where ρ(x) is the electron density (in real space), Φ(h) is a function defined in reciprocal space, x 
and h are the coordinate vectors in real and reciprocal spaces respectively, and the integral is 
performed over the volume V* in reciprocal space. 
In general, the reciprocal space function Φ(h) is not known. This is overcome for periodic electron 
density profiles by using Fourier synthesis, in which the electron density is represented by a Fourier 
series. The integral in equation (2.9) is thus replaced by a summation over plane indices in 
reciprocal space and the function Φ(h) is sampled at discrete points by the form factors hklF  which 
are related to the intensities of the Bragg reflections: 
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For a smectic lamellar phase, Equation (2.10) simplifies to the one dimensional electron density 
profile of the phase along the direction normal to the bilayer planes (eg. Tristram-Nagle et al., 
1998): 
 ∑
∞
=





 pi
+ρ=ρ
1h
havglam d
hx2
cosF)r(  (2.11) 
For an inverse hexagonal phase, Equation (2.10) becomes (Harper et al., 2001): 
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Thus, once the amplitude and sign, or phase, of each of the form factors has been determined, the 
electron density profile of lipid phases can be reconstructed (up to a limiting frequency) determined 
by the Shannon sampling theory (Shannon, 1949; Worthington et al., 1973) using Fourier synthesis. 
The amplitudes of the form factors can be derived from the integrated intensities of the 
corresponding Bragg peaks by first applying the Lorentz-polarisation correction which accounts for 
the scattering angle dependence of the scattered intensity, and secondly applying a multiplicity 
correction which accounts for the number of equivalent planes contributing to each Bragg peak. 
For example, all planes in a bilayer lipid phase have a multiplicity of 1, while for a HII phase, the (2, 
1), (3, 1), (3, 2), and (4, 1) planes each have 12 equivalent planes while the remainder have 6 (Turner 
and Gruner, 1992). Finally, an absorption correction must be applied to account for the changing 
path length scattered x-rays have to travel within the sample as the scattering angle is changed. 
Approximating the sample (as seen by the scattered x-rays) as an infinite plane of thickness d, the 
absorption coefficient AB(θ) can be calculated as (Worcester and Franks, 1976): 
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 where θ is the Bragg angle and µ is the linear absorption coefficient of the sample.  
Following these corrections, a relative electron density can be reconstructed. To reconstruct an 
electron density on an absolute scale, the SAXS intensity data of the scattering sample must be 
calibrated to absolute intensities. This can be achieved with the aid of a standard reference sample 
measured under the same conditions as the scattering samples. Additionally, zeroth order form 
factor F(0) must be calculated as this is unobtainable from measurement. Indirect ways of obtaining 
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F(0) for lipid phase diffraction data have been employed with varying degrees of accuracy. From 
these a simple method has been derived for lamellar systems (Nagle and Wiener, 1989):  
 ( ) ( )
A
Vn20F WLL ρ−=  (2.15) 
Where nL is the number of electrons per lipid, VL is the molecular volume of the lipid, ρW is the 
electron density of water (0.333 e/Å3 @ 30 °C) and A is the area per lipid molecule in the plane of 
the bilayer.  
In many cases, a relative electron density scale is all that is required and so these steps may be 
omitted. 
2.3.3 Phase Problem 
The greatest challenge in the reconstruction of an electron density profile from SAXS scattering 
data is the determination of the phase of each of the form factors, contained in the imaginary 
component of equation (2.10). In general this phase can take any value from 0 to 2pi. For samples 
with centro-symmetric unit cells, that is ρ(r) = ρ(-r) as in the case of lamellar bilayer and hexagonal 
lipid phases, the phase can take the value 0 or pi, and the sign of hklF  is either positive or negative. 
This reduces the complexity of the problem down to 2n combinations, where n is the number of 
Bragg peaks measured. 
A number of techniques have been developed to determine the phasing of the form factors for 
lipid phases. The most straightforward is to calculate the electron density profile for each 
combination of phasings and eliminate those which are unphysical, or unlikely. However, this often 
fails to eliminate enough combinations, necessitating the use of other techniques.  
A common method for bilayer phases is to record SAXS Bragg peak intensities at slightly different 
sample hydrations as the sample swells with an increase of water. This allows several points with 
different d spacing to be sampled along the structure factor – a description of how the sample 
scatters the incident radiation. The intensities of the form factors are corrected as described above, 
then scaled using the Blaurock scaling relation (Blaurock, 1971): 
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h 0d
dhI  (2.16) 
Where I(h) is the corrected intensity of the hth peak, d is the d spacing and d0 is an arbitrarily chosen 
d spacing (usually at full hydration). 
 The phases of the form factors are then chosen so that the data points lie on the curve: 
 ( ) ( ) 





pi−= ∑ h2
dqsinc hfqT
h
 (2.17) 
An example of this method is shown in Figure 2.8. 
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Figure 2.8. Structure factor (black line) and form factors vs q value for 
various sample hydrations (blue points). The phases of the form factors 
are chosen so that they lie on or near the continuous structure factor. 
The primary limitation of this method is that it relies on the structure factor remaining constant or 
nearly constant as the hydration of the sample changes. This is the case for bilayer samples near full 
hydration as most of the change in the sample is due to increased separation of the bilayers. Simple 
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changes can be accommodated with Torbet and Wilkin's extension (Torbet and Wilkins, 1976). 
However, the swelling method cannot be applied to a phase in which changes in hydration cause 
changes in this lipid arrangement – such as the HII phase or cubic phases. Several other methods 
exist to solve the phase problem, including Luzzati's pattern recognition approach (Luzzati et al., 
1972) or with the use of Patterson's function (Huang et al., 1991).  
2.4 Small Angle Neutron Scattering 
Neutrons interact with matter via short range nuclear and magnetic interactions. This provides 
several complementary benefits when combined with x-ray scattering techniques. Firstly the nature 
of the interaction means that the interaction probability is small, allowing neutron beams to 
penetrate deeply into matter. Secondly the contrast in nuclear scattering derives from differences in 
neutron scattering cross sections of nuclei, which unlike contrast in x-ray scattering, vary 
stochastically with atomic number. This is particularly useful for samples with large populations of 
the lighter elements, and allows contrast variation via isotopic substitution. 
The interaction probability of a neutron with a nucleus is given by the nucleus' scattering length b. 
If a neutron beam has a neutron flux Φ, then the total number of neutrons which will be scattered 
or absorbed by a nucleus with scattering length b is given by its cross section σ: 
 2total b4pi=σ  (2.18) 
If there are spatial correlations between nuclei with the same scattering length, the scattering will 
contain information relating to the structural arrangement of the system. This is known as coherent 
scattering. If no such correlations exist between the spatial position of a nuclei and its scattering 
length density, then incoherent scattering will occur. In structural studies this will add to the 
background. Equation 2.18 is usually divided into coherent and incoherent parts to differentiate 
these scattering components. The coherent scattering is given by: 
 
2
coh b4pi=σ  (2.19) 
and the incoherent scattering is given by: 
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 [ ]22coh bb4 −pi=σ  (2.20) 
where the triangular brackets indicate the average value. 
The number of neutrons scattered into unit solid angle dΩ is given by 
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where the summation is over the phase factors of the scattered waves from all scattering elements 
in the sample, Rj is the position vector of the j
th scattering element and Q is the scattering vector. 
In general, it is more convenient to consider the scattering behaviour of materials rather than 
individual nuclei. This is achieved by defining a scattering length density (SLD) of a material (ρ): 
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where n is the number of atoms in a molecule, bi is the bound scattering length of the i
th atom and 
v  is the volume containing the n atoms. 
Spatial fluctuations of the scattering length density give rise to small angle neutron scattering: 
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Where V
σ
=Σ  is the macroscopic cross section, and scattering is normalised by sample volume V. 
The measured intensity, I,  in the far field at scattering vector magnitude Q is proportional to 
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2.4.1 Data Reduction 
It is important to calibrate the intensity data of a neutron scattering experiment to an absolute 
intensity scale. This is important not only as an aid to identify artefacts in the scattering data but 
also to allow comparison between the scattering data of multiple samples in a contrast variation 
experiment. Conversion to an absolute scale is achieved by accounting for scattering from the 
sample, scattering from materials other than the sample, as well as stray neutrons and electronic 
noise. This requires supplementary measurements in addition to the scattering sample measurement 
(ISAM): 
• Empty beam measurement (IEMP) – to determine scattering from the sample cell, windows, 
collimation slits and air 
• Blocked beam (IBGD) – To measure the detector dark current, stray neutrons and cosmic 
radiation. 
• Detector sensitivity – An isotropic scattering material is measured (eg water or plexiglass) to 
determine the sensitivity of each individual pixel of the detector. 
The corrected scattered intensity is then given by: 
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where TCELL is the transmission of the sample cell, and TSAM+CELL is the sum of the sample and cell 
transmissions. 
This is then calibrated by dividing through by the normalised detector sensitivity data: 
 
ysensitivitdetector  normalised
II CORCAL =  (2.26) 
The intensity data can then be scaled to an absolute intensity by measuring a standard sample 
(STD) with a known absolute cross section at Q=0 under the same experimental conditions: 
 
( ) ( )
( )
( )
STDCELLSAMP
CELLSTDSTD
STD
CAL
SAMP d
0Qd
T
T
d
d
0QI
QI
d
Qd






Ω
=Σ


















=
=





Ω
Σ
+
+  (2.27) 
  39 
where the transmission T = I/I0 accounts for the neutrons that pass through the sample without 
interacting with it, dSTD is thickness of the standard sample and d is the sample thickness. 
2.4.2 Contrast variation  
Contrast variation is the process of isotopic substitution in order to distinguish or label an 
individual component within a scattering sample. In this way the scattering length density of the 
labelled component is changed while the chemistry of the sample remains unchanged (or with 
negligible differences). The most common method is to exploit the scattering length densities of 
hydrogen and deuterium, in particular by changing the D2O/H2O ratio in aqueous samples. The 
scattering length densities of these molecules are shown in Table 2.2.  
Molecule Scattering Length Density 
H2O -0.56 × 1010 cm-2 
D2O 6.32 × 1010 cm-2 
Table 2.2. Scattering length densities (SLD's) of H2O and D2O, calculated 
using scattering length densities of individual atoms (Sears, 1992). 
2.4.3 Microphase solute concentrations 
Contrast variation SANS has been successfully exploited in the investigation of microphase 
separation in lipid samples (Demé and Zemb, 2000; Lenne et al., 2006). Systems of mesoscopic 
lipid phases commonly comprise regions of lipid/solvent in equilibrium with regions of excess (or 
excluded) solvent. These microphases provide multiple locations for introduced solutes to 
accumulate. The SANS technique of Demé and Zemb described here provides a useful means to 
determine the concentration of a solute in each of the microphases present in the system. 
Varying the contrast of water in a lipid/water system is easily accomplished by varying its 
D2O/H2O ratio. As this is done, the total scattered intensity measured varies according to the 
contrast between the water and the rest of the system. A minimum in this difference denotes the 
point at which the contrast of the water matches the contrast of the rest of the system – the 
contrast match point (CMP). The scattering length density (SLD) of the water mixture can be 
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interpolated from the SLD's of D2O and H2O, thereby providing the SLD of the rest of the system. 
For a lipid/water system with microphase separation at the CMP this leads to the equality: 
 WWWWLL ψ′ρ=ψρ+ψρ  (2.28) 
Where ρ is the SLD, ψ is the volume fraction in the lipid phase, and ψ' the volume fraction in the 
excess phase. Subscripts denote lipid and water respectively. 
The volume fractions of lipid and water in each of the microphases can be determined from 
knowledge of the lipid phase dimensions, usually measured using SAXS. For example this can be 
calculated from the ratio of the bilayer thickness and d spacing of a bilayer phase or the ratio of the 
area of the water cylinder and lipid area of a HII phase. As the SLD of water is known, equation 
2.29 provides the SLD of the lipid. 
This process of finding the CMP is then repeated for an equivalent system with a solute introduced 
– in this case sugar. In this case, the equality at the CMP becomes: 
 WWSSWWSSLL ψ′ρ+ψ′ρ=ψρ+ψρ+ψρ  (2.29) 
Where the subscript S denotes solute. 
The SLD of the sugar can be calculated from its known elemental composition. For the case of 
sugars with exchangeable hydrogens/deuterons, this must take into account any isotope exchange 
with the surrounding solution. This leaves the volume fractions of water and sugar in the 
lipid/water/sugar microphase and excess water/sugar microphases as the unknown quantities. 
The global volume fractions Φ of each component are related to the volume fractions in the 
microphases by the following relationships: 
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Where ν is the volume fraction of the lipid phase relative to the total sample. Additionally, the 
volume fractions of each component in each phase must add up to unity: 
 
1
1
1
WSL
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=Φ+Φ+Φ
=ψ′+ψ′
=ψ+ψ+ψ
 (2.31)  
From these simultaneous equations it is possible to solve for the volume fractions of the sugar and 
water in each of the microphases present.  
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C h a p t e r  3  
MATERIALS AND METHODS 
3.1 Sample Preparation 
The phospholipids dioleoylphosphatidylethanolamine (DOPE) and dioleoylphosphatidylcholine 
(DOPC) were obtained from Avanti Polar Lipids and Sigma-Aldrich in powder form and used 
without purification. All samples were visually inspected before and after measurement. Thin layer 
chromatography was performed on select samples throughout the experimental procedures to 
check for lipid degradation. No degradation was ever observed. The sugars sucrose, glucose and D-
Glucose-d7 (Figure 3.) were obtained from Sigma-Aldrich (purity >99.5 %). Relevant physical 
parameters are shown in Table 1. Sucrose was used for the SAXS study in Chapter 4 and 
investigations into the ribbon phase in Chapter 5,  while glucose was used for determining sugar 
location within lipid phases in Chapter 6 and for the membrane diffraction investigation in Chapter 
7. Sucrose is more relevant for a number of biological systems (particularly plants), while glucose 
has the advantage that it can be purchased in deuterated form, without which the neutron scattering 
results would not be possible. While direct comparisons cannot be made between the results of 
each sugar as sucrose is about twice the size glucose, the similar hydration behaviour of various 
sugars (Bryant and Koster, 2004), and the similar cryoprotective efficacy of different sugars (Crowe 
et al., 2001), allows broad conclusions to be made. 
 
Figure 3.1. Diagram of glucose-d7. Five hydrogen atoms bonded with oxygen are 
exchangeable with deuterons according to the surrounding solution. Image from 
(Bolton et al., 2008) 
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 MW [g mol-1] Density [g cm-3] 
DOPE 744.05 1.015 (Tate and Gruner, 1989) 
DOPC 786.15 0.995 (Tristram-Nagle et al., 1998) 
Sucrose 342.30 1.59 
Glucose 180.16 1.54 
D-Glucose-d7 187.10 1.67 
Table 3.1. Molecular weights and densities of sample materials. Densities 
of the sugars refer to dry samples. 
Lipids were measured out by weight into 2 ml Eppendorf tubes (Figure 3.2). Sugars were measured 
out by weight, then dissolved in water. The resulting sugar solution was added to the samples 
volumetrically to give the desired sugar/lipid molar ratio. 
 
Figure 3.2. Lipid samples in Eppendorf tubes following equilibration in 
humidity chamber. 
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Samples were prepared using one of two methods: 
• Equilibrated samples. Samples were hydrated with excess water or sugar solution as 
required (typically to 60% water by weight), vortex mixed, then equilibrated to a known 
osmotic pressure over saturated salt solutions at known humidities (Table 2). Samples were 
equilibrated at room temperature for approximately 10 days. The high water content during 
vortexing, combined with long equilibration times allowing water and sugar solutions to 
diffuse throughout the sample, provided well mixed samples. Sample uniformity was 
assessed by measuring sample structure using SAXS at several locations within each sample. 
Results indicated a high degree of uniformity of samples prepared with this method. 
Relative humidity of the sample chambers (Figure 3.3) was monitored during this time 
using a tinytag data logger (Gemini Data Loggers, Chichester UK). Samples were regularly 
weighed to monitor water loss of sample versus time. Equilibration was usually achieved 
after about 7 days (Figure 3.4).  
 
Salt Solution Relative 
Humidity (%) 
Osmotic Pressure 
(MPa) at 23°C 
Phosphorus pentoxide 0.1 944 
Lithium chloride 11 302 
Magnesium chloride 33 152 
Sodium chloride 75 39.3 
Potassium nitrate 93 9.1 
Potassium sulphate 97 3.8 
Table 3.2. Relative humidities and osmotic pressures of salt solutions at 
23 °C (Rockland, 1960). 
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Figure 3.3. Humidity chamber used to equilibrate samples over saturated 
salt solutions.  
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Figure 3.4. Water volume fraction determined by weight for several 
DOPC/glucose samples during equilibration over saturated salt solutions.  
Each line represents a individual sample. Samples were identical in 
composition with the exception of the D2O/H2O ratio of the water. 
Equilibration is achieved after seven days, after which the water volume 
fraction remains constant. 
  47 
• Directly hydrated samples. Samples were directly hydrated with water or sugar solution 
by volume to the desired water weight fraction and sugar/lipid ratio. 
 
As these samples often contained less than excess water, care was taken to ensure good mixing. 
Mixing of samples was achieved by temperature cycling the sample through phase transition 
temperatures while repeatedly agitating with a vortex mixer. Sample mixing was assessed both 
visually and by the reproducibility of later measurements (see below). All samples were weighed at 
each stage of preparation to ensure correct composition. Following experiments, the final overall 
water content was determined gravimetrically by drying samples over P2O5 in a vacuum oven at 60 
°C overnight. 
3.2 Small angle x-ray scattering measurements 
3.2.1 Lab based SAXS 
Lab based SAXS measurements were performed on a Nanostar (Bruker, Germany) with a 
collimated fixed Cu source and 2D detector (Figure 3.6). Sample to detector distance was 23 cm 
giving a q range of 0.035 – 0.85 Å-1. Temperature control (in the range -10 °C – 60 °C) was 
achieved using a circulating water bath (Anton Parr TCU 50). Samples measured with temperature 
control were mounted in aluminium or copper sample holders (Figure 3.7) sealed with clear 
adhesive tape (3M) which provides very low intensity uniform background scattering (Figure 3.5).  
Samples measured without temperature control were mounted in quartz or glass capillaries 
(Wolfgang Muller Glas Technik, Berlin). Background measurements were recorded for each sample 
holder and subtracted from the sample data. Results using the two different sample mounting 
methods were consistent within errors. 
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Figure 3.5. SAXS two-dimensional image of the scattering pattern from a 1 
hour measurement of an empty lab SAXS sample cell sealed with clear 
adhesive tape. 
Exposures were of durations varying from several minutes to several hours, with all measurements 
of duration greater than 1 hour performed using samples sealed in capillaries. Each sample was 
equilibrated for at least 10 minutes at the measurement temperature prior to measurement. Samples 
equilibrated for this length of time were shown to have consistent results with samples equilibrated 
for several hours. Samples were weighed before and after measurement to check for water loss.  
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Figure 3.6. Bruker Nanostar SAXS instrument showing the x-ray source 
(left), sample chamber (centre) and detector (right). Configuration shown 
is for a sample – detector distance of 106 cm. 
 
Figure 3.7. Copper sample holder used to mount samples in the Bruker 
Nanostar (left) and its mounting hardware for temperature controlled and 
ambient temperature measurements (right). 
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3.2.2 Synchrotron Small Angle X-ray Scattering 
Synchrotron small angle and wide angle x-ray scattering (SAXS and WAXS respectively) 
measurements were performed on the ChemMatCARS 15ID-D beamline at the Advanced Photon 
Source (APS), Argonne National Laboratory, and the SAXS/WAXS beamline, Australian 
Synchrotron. Both sets of measurements were performed on samples mounted in 1.5 – 2 mm 
quartz or glass capillaries (Wolfgang Muller Glas Technik, Berlin) sealed using Araldite epoxy resin. 
3.2.3 APS Measurements 
Diffraction patterns were recorded on a Bruker 6000 CCD detector (94x94 mm, 92 µm pixel size) 
at a sample to detector distance of 556.2 mm. Incident x-rays with a wavelength of 0.620 Å were 
used, giving a q-range of 0.046–1.7 Å−1. Temperature control was achieved using a circulating water 
chiller/heater, with the water circulated through a multi-capillary sample holder (see Figure 3.8). 
Two thermocouples were attached to the sample holder – one in the centre and one on the edge – 
to monitor and record the temperature for each measurement. A temperature calibration 
measurement was also performed by placing one of the thermocouples in an empty capillary. 
Static temperature measurements (in the range 20–80 °C) were made by setting the desired 
measurement temperature and allowing the sample temperature to equilibrate for at least 5 minutes. 
Temperature scan studies were carried out by equilibrating at 20 °C then temperature jumping to 80 
°C (rate ∼ 20 °C/min), equilibrating for 60 seconds, then temperature jumping back down to 20 °C. 
Exposures were made at 10 second intervals, and all exposures were 1.2 seconds in duration. 
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Figure 3.8. Sample holder with mounted capillaries used for APS 
temperature controlled SAXS measurements. showing mounted capillaries. 
Thermocouples used to monitor and record sample temperatures are 
shown at the bottom in red. 
3.2.4 Australian Synchrotron Measurements 
Measurements at the Australian Synchrotron were performed on the SAXS/WAXS beamline 
utilising a Dectris Pilatus 1M detector (169 x 179 mm) at a sample to detector distance of 548 mm. 
Incident x-rays had an energy of 15 keV (λ = 0.827 Å), giving a q range of 0.073 – 1.96 Å-1. Each 
exposure was 1.9 seconds in duration, with typically three exposures taken at different locations 
within each sample to check sample homogeneity as well as to prevent x-ray damage.  
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Sample capillaries were mounted on a multi-capillary sample changer with attached strip heater 
elements controlled by a Lakeshore Model 340 temperature control unit. Cooling was provided by 
a fan blowing air across the sample changer. Measurements were taken in the temperature range 27 
– 80 °C, with the sample temperature stepped up to the highest measurement temperature before 
being allowed to cool, and remeasured at the lowest temperature to check for consistency. Empty 
capillary measurements were made and subtracted from the final data.  
3.2.5 Simultaneous SAXS/DSC Measurements 
In addition to stand alone SAXS/WAXS measurements at the Australian Synchrotron above, an 
inline Linkam DSC600 (Linkam Scientific Instruments, Chilworth UK) was used to simultaneously 
take SAXS/WAXS exposures while recording a differential scanning calorimetry (DSC) trace 
(Figure 3.9). In this way, peaks in the DSC trace due to phase transitions in the sample can be 
directly correlated with structural changes causing a change in the Bragg peak locations in the 
SAXS/WAXS data. Additionally, utilising the DSC allowed a more precise temperature control to 
be achieved over a larger temperature range, with a liquid N2 supply attached to the DSC providing 
sub ambient temperatures and controlled cooling.  
 
Figure 3.9. Inline Linkam DSC inserted into Melbourne Synchrotron 
SAXS beamline. Beam source is to the right of frame. 
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Samples were mounted in Mettler Toledo MX5 aluminium DSC pans with matching lids and 
crimped to provide a hermetically sealed sample environment. Sample mounting was undertaken 
following mixing and equilibration in 2 ml Eppendorf tubes. Sample weights were approximately 3 
mg. The DSC was mounted vertically in the beam with the sample pan sandwiched between two 
mica windows and held in place with a small spring. Directing the x-ray beam through the 
aluminium DSC cells caused a reduction in the signal to noise ratio of the SAXS data with some 
higher order Bragg peaks becoming lost in the background signal (Figure 3.10). Additionally, peaks 
due to the structure of the aluminium were present in the SAXS data, however these were easily 
identified and subtracted from the final data. There was some restriction of the q range while the 
DSC was in the beam due to some of the DSC sample stage casting a shadow at the edges of the 
SAXS detector. This occasionally caused the WAXS peak to be out of the measurable range. Due 
to these issues, only samples already measured using stand alone SAXS/WAXS measurements were 
selected for SAXS/WAXS/DSC measurements. All DSC scan measurements were repeated once 
to check for consistency in both the DSC trace and the SAXS data.  
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Figure 3.10. Comparison of reduced SAXS data (green) and SAXS data 
with inline DSC (red) for DOPE in excess water measured at the 
Melbourne Synchrotron. 
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3.3 Differential Scanning Calorimetry (DSC) 
Lab based DSC measurements were performed on a Perkin-Elmer Pyris A DSC 1 (Figure 3.11) 
with intracooler attached. Samples were mounted in 10 µl Perkin-Elmer DSC pans (Figure 3.12), 
covered with matching lids and crimped. Samples were typically about 3 mg with sample weight 
minimised in order to prevent temperature gradients or phase separation occurring in the sample. A 
matching empty pan and lid were crimped and used during measurement to provide a baseline.  
Measurements were repeated at least once and only reproducible measurements were used in the 
analysis. Temperature scan rates varied between 5 °C/min to 40 °C/min. The faster scans assist the 
identification of low enthalpy transitions – such as the Lα - HII transition and the slower scans 
provide a more accurate indication of the equilibrium phase transition temperature. 
 
 
Figure 3.11. Picture of Perkin Elmer DSC 1. 
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Figure 3.12. Picture of DSC pans and lids before crimping (top) and after 
crimping (bottom). The excess aluminium ring from the crimping is kept 
with the pan for future mass determinations. 
 
Peaks identified in the DSC traces were analysed using the Perkin-Elmer DSC software. Transition 
temperatures were identified from the onset temperature of the peak, determined by finding the 
intersection of the tangent to the peak slope and the baseline. The enthalpy of the transition was 
calculated from the area under the peak. Figure 3.13 shows a typical scan including peak fits. 
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Figure 3.13. Typical DSC trace with appended transition information as 
calculated by Perkin Elmer software. This trace is for DOPE in excess 
water, showing from left to right the Lβ to Lα transition at -6.0 °C, ice 
melting transition at 0.3 °C and the Lα to HII transition at 14.8 °C. 
3.4 Small angle neutron scattering measurements (SANS) 
SANS measurements were performed on the NG7 SANS instrument, NIST Center for Neutron 
Research (NCNR) (Gaithersburg, Maryland) (results are shown in Appendix A), and on Quokka, 
the SANS instrument at ANSTO (Menai, Australia). Preliminary measurements (not described 
here) were also performed on AUSANS, the superseded SANS instrument at ANSTO and the 
SANS-1 instrument at the Geesthacht Neutron Facility (Geesthacht, Germany). The latter results 
are not included in this thesis, so experimental details are omitted. 
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3.4.1 NCNR Measurements 
The NG7 SANS instrument at NCNR (NIST Center for Neutron Research) (Glinka et al., 1998) is 
a 30 m instrument with a 640mm x 640 mm 3He position-sensitive proportional counter detector 
with 5 mm x 5 mm resolution. The wavelength of the incident neutrons was 6 Å with a resolution 
of 10% ∆λ/λ full width at half maximum (FWHM). Data was collected at sample to detector 
distances of 1 m, 4.5 m and 13.5 m, giving a combined q range of 3.685 × 10-3 to 4.832 × 10-1 Å−1. 
Measurement count time was 5 min, 20 min and 30 min for the short, medium and long sample to 
detector distances respectively. 
Samples consisted of DOPE/water and DOPE/glucose-d7/water. Each sample composition was 
prepared at five D2O/H2O ratios: 0, 20, 40, 60 and 80 % D2O to provide a contrast variation series. 
Samples were mounted in quartz demountable cells (Hellma, Germany, 124QS, path length 0.2 
mm, sample diameter 15 mm). These cells were mounted inside titanium demountable cell holders 
with quartz windows and sealed with viton o-rings. Cadmium masks with 10 mm circular cutouts 
were inserted into the beam next to the sample cell to define the area of the sample exposed to the 
beam. Sample temperature was controlled with a circulating bath (Julabo Labortechnik Seelbach, 
Germany) filled with silicon oil. At temperatures below 15 °C the sample chamber was evacuated to 
prevent condensation forming on the quartz windows.  
Data reduction was performed using the NCNR set of Igor Macros version 5.0 (Kline, 2006). Data 
was normalised to sample transmission, corrected for background, empty cell scattering and 
detector efficiency and radially averaged to a one dimensional table of q vs. intensity. Conversion to 
an absolute intensity scale was achieved using an empty beam measurement as a standard. A flat 
incoherent scattering component determined from the scattering intensity at high q was subtracted 
from the data. 
3.4.2 Quokka Measurements 
Quokka is the 40 m cold source SANS instrument at the Australian Nuclear Science and 
Technology Organisation (Gilbert et al., 2006). An incident neutron wavelength of 5 Å was 
selected. Resolution was 10% ∆λ/λ (FWHM). Measurements were made at sample to detector 
distances of 20.17 m, 4.52 m and 1.24 m, giving a combined q range of 3.000 × 10-3 to 6.645 × 10-1 
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Å-1. Measurement count time was 10 min, 20 min and 30 min for the short, medium and long 
sample to detector distances respectively. 
Sample compositions and cells were the same as for the NCNR measurements. Sample cells were 
sealed with lab wrap and positioned adjacent to a 1 cm diameter cutout cadmium mask in a multi-
sample changer. Overnight tests showed negligible water loss from samples sealed in this manner. 
Sample temperature was controlled used a circulating water bath. Measurements were made at -15 
°C, 25 °C and 45 °C. Final additional measurements conducted at 25 °C showed good agreement 
with the initial measurements. Data reduction was carried out as per NCNR measurements with a 2 
mm thick D2O sample used as a standard for absolute intensity scale conversion. 
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C h a p t e r  4  
A SAXS INVESTIGATION OF THE LYOTROPIC PHASE BEHAVIOUR OF 
DOPC/DOPE/SUCROSE MIXTURES 
4.1 Introduction 
The phospholipids DOPC and DOPE are widely used in biomimetic model membrane systems. 
Studies have revealed a complex lyotropic phase behaviour in binary mixtures of these lipids (eg. 
Gawrisch et al., 1992; Marrink and Mark, 2004; Rand and Fuller, 1994; Yang et al., 2003), with small 
changes in sample environment able to alter phase behaviour, and reentrant transitions evident. 
Studies of lipid/sugar mixtures however, are under-represented in the literature – the majority of 
lipid studies are of single or binary lipid mixtures in water, often at full hydration. A detailed picture 
of the lyotropic phase behaviour of DOPC:DOPE mixed lipid systems in the presence of sugars is 
still lacking. 
This chapter presents the results of SAXS measurements designed to study the effect of sucrose on 
the phase behaviour of DOPC:DOPE mixed lipid systems equilibrated at several osmotic pressures 
using the saturated salt equilibration method. Lipid composition, relative humidity during 
equilibration (osmotic pressure), sucrose concentration and the temperature of the samples are 
varied according to the values in Table 4.1. 
Variable Values 
DOPC:DOPE molar ratio 0, 0.25, 1, 2 
Osmotic Pressure (Relative 
Humidity) 
Excess water; 8.3 MPa (94%),  
39 MPa (75%), 152 MPa (33%) 
Sucrose:Lipid molar ratio 0, 0.25, 0.5 
Temperature 20 – 80 °C 
Table 4.1. Sample composition and environment variables. 
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The phase for each sample is determined according to the spacing of the small angle Bragg peaks. 
In some cases ambiguity in the higher order Bragg peaks results in a tentative phase assignment. 
This is indicated in the text where appropriate.  
Phase diagrams are constructed using data from temperature equilibrated measurements. 
Temperature jump SAXS measurements are included to illustrate phase transitions. The phases 
investigated are presented in Table 4.2, along with the notations used in the text, and the symbols 
used in the figures. 
The chapter will be presented as follows. Each of the DOPC:DOPE ratios will be presented in 
separate sections (4.2-4.5). For each DOPC:DOPE ratio the phase diagram will be presented as 
temperature versus osmotic pressure, for each of the three sucrose:lipid ratios. This will be followed 
by an investigation of the effect of sucrose concentration on the basic structural parameters (the 
relevant lattice spacings) for select samples. For clarity, these parameters are reported only for the 
lowest and highest temperatures (20 °C and 80 °C respectively). Following these will be a more 
detailed analysis of the phases present in each system, along with the relevant discussion. 
This chapter is not a complete picture of the phase behaviour of this lipid system with sucrose – 
there are too many parameters (sucrose:lipid ratio, DOPC:DOPE ratio and water content) to make 
this practical. Instead it presents the results of a series of experiments designed to elucidate 
interesting regions in the phase diagram worthy of further investigation. The phase results 
presented here provide a framework to give context to the later results in this thesis, and also form 
the basis for future more comprehensive phase investigations. 
Phase Notation Symbol 
Fluid lamellar bilayer Lα ○ 
Inverse hexagonal HII ♦ 
Ribbon (frozen chains) Pδ ▲ 
Ribbon (fluid chains) Pα  
Pn3m cubic Pn3m □ 
Ia3d cubic Ia3d  
Table 4.2. Lipid phase symbols used in the phase diagrams and d spacing figures. 
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4.2 The DOPE system 
Figure 4.1 presents the phase diagrams for the pure DOPE system, and Figure 4.2 presents the 
structural parameters, for each of the three sucrose:lipid ratios. 
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Figure 4.1. Phase diagram of the DOPE system at various hydrations and 
sucrose concentrations. Phases: ♦HII ▲Pδ □ Cubic pn3m. 
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Figure 4.2. Phase repeat spacing parameters vs sucrose molecules per lipid 
for 20 °C and 80 °C for the DOPE/sucrose/water system. Phases: ♦HII 
▲Pδ □ Cubic pn3m. 
4.2.1 Excess Water 
DOPE in excess water is perhaps the most widely studied system of those encompassed in this 
study (eg. Rand and Fuller, 1994; Shalaev and Steponkus, 1999; Tate and Gruner, 1989; Toombes 
et al., 2002). Owing to its relatively small headgroup, this system readily forms non-bilayer phases in 
many environments. In the temperature range employed here, the HII phase was observed at all 
temperatures, consistent with the literature. Below this range, there are transitions to the Lα and Lβ 
phases. These were also observed in a study of DOPE and glucose, and are discussed in Chapter 6. 
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The presence of sucrose did not change the phase behaviour in the experimental temperature range 
with a HII phase observed for each sucrose ratio (Figure 4.3). There is a slight broadening of the 
SAXS peaks with increasing sucrose concentration, analogous to membrane softening (an increase 
in lattice disorder) by sugars (Deme et al., 2002). 
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Figure 4.3. SAXS data of  DOPE in excess water at 28 °C for three 
sucrose/lipid ratios. Vertical black lines indicate position of HII Bragg 
reflections for the lipid sample without sucrose. This system is 
investigated further in Chapter 6. 
There is a small reduction in d spacing of the HII phase as the temperature in increased (Figure 4.2). 
This is due to an increase in the number of gauche rotamers in the hydrocarbon chains (Tate and 
Gruner, 1989). Each increase makes further configurations available to the chains with the net 
effect being an increase in the spontaneous curvature of the lipid. This causes a reduction in the 
radius of the HII cylindrical water cores and a corresponding reduction in the d spacing. 
By contrast the d spacing of the HII phase remains constant regardless of sucrose concentration 
(Figure 4.2). The limiting hydration for DOPE (a weakly hydrating lipid) in the HII phase occurs at 
a water volume fraction of 0.296 at 20 °C, decreasing to 0.246 at 80 °C (Tate and Gruner, 1989). 
Above this hydration, phase dimensions remain essentially constant and excess water is excluded 
into a coexisting microphase (as is the case here with each sample having a water volume fraction 
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of 0.5 - this phenomenon is investigated further in Chapter 6). While the relative sizes of the HII 
and coexisting excess water microphase change with temperature, the limiting hydration remains 
constant regardless of sucrose concentration.  
4.2.2 Lower Hydrations 
At the next lowest hydration (osmotic pressure = 8.3 MPa, RH=94%), there is a change in phase 
behaviour. A single Pn3m phase exists at lower temperatures, coexisting with a HII phase at higher 
temperatures (Figure 4.4). This behaviour is observed for each sucrose ratio, with a small increase 
in the coexisting HII phase transition temperature for the 0.5 sucrose/lipid sample (Figure 4.1). A 
schematic of a Pn3m phase is shown in Figure 4.5. 
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Figure 4.4. Static temperature SAXS measurements of DOPE/water 
equilibrated at RH = 94% (8.3 MPa). Each line is one SAXS measurement  
displaced vertically from 20 °C (bottom) to 80 °C (top) in 10 °C steps. Thick 
vertical lines above the 80 °C data indicate the position of Pn3m peaks. 
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The d spacing of the coexisting HII phase at higher temperatures is similar to that of the excess 
water sample at these temperatures. This is true for each sucrose ratio, and is an indication that the 
coexisting HII phase remains at its limiting hydration despite the increase in osmotic pressure and 
the coexisting cubic phase. The d spacing of the pn3m phase shows equivalent thermotropic 
behaviour as the excess water samples – with a reduction on increasing temperature. Unlike those 
samples however, there is a change in d spacing of the pn3m phase as a function of sucrose 
concentration, though this is minor and appears non-systematic (Figure 4.2). 
 
Figure 4.5. Schematic diagram of the cubic Pn3m phase. Image 
from (Seddon et al., 2000). 
At 39 MPa (RH=75%), the DOPE/water system undergoes a change from a phase with a sharp 
peak in the WAXS region to a HII phase upon heating (Figure 4.6). The sharp WAXS peak of the 
low temperature phase indicates ordered hydrocarbon tails comparable to that of a bilayer gel 
phase. In the small angle region, one large peak and one small peak are observable. These peaks are 
tentatively ascribed to the Pδ phase – an inverse ribbon phase with ordered hydrocarbon chains, 
based upon earlier assignments for low hydration DOPE samples (Shalaev and Steponkus, 1999) 
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(Figure 4.7). A common feature is a deficiency of higher order Bragg peaks leading to ambiguity in 
the phase assignment. 
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Figure 4.6. SAXS temperature scan of the DOPE/water system 
equilibrated at RH = 75% (39 MPa) showing the transition from the Pδ 
phase to the HII phase upon heating. 
The monoclinic symmetry of ribbon phases results in two relatively high intensity small angle Bragg 
reflections from the (11) and (02) planes. In this case, the dimensions of the ribbon phase unit cell 
dimensions of a=42 Å and b=72 Å mean that the q values for the first two reflections are very 
similar (0.173 Å-1 and 0.175 Å-1 respectively) and their peaks largely overlap. Accordingly, higher  
order peaks also overlap, with the small peak at q = 0.3 Å-1 attributable to the next two Bragg 
peaks, the (20) plane (q=0.299 Å-1) and the (13) plane (q=0.302 Å-1). 
The propensity for the Pδ phase to form is enhanced at the lowest hydration. At an osmotic 
pressure of 152 MPa (RH=33%) the Pδ phase exists over the entire temperature range in the 
absence of sucrose (Figure 4.8). There is also an increase in higher order Bragg peak intensities, 
with a third visible peak providing further support of an accurate phase assignment. This peak, 
which does not index to another known phase, is attributed to a combination of the (22) plane 
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reflection (q=0.334 Å-1) and the (04) plane reflection (q=0.326 Å-1) for a ribbon phase with 
dimensions of a=47 Å and b=80 Å at 20 °C. 
 
Figure 4.7. Schematic diagram of a ribbon phase showing the rectangular 
unit cell labelled with the dimensions a and b. 
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Figure 4.8. SAXS temperature scan of the DOPE/water system equilibrated at RH = 33% 
(152 MPa). Pδ phase is present over entire experimental temperature range. Thick vertical 
lines indicate the position of Pδ Bragg peaks. 
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Introducing sucrose to the lowest hydration sample reduces the propensity for Pδ to form, leading 
to a HII phase and a Pδ phase coexisting at 0.25 sucrose/lipid at all but the highest temperature 
(Figure 4.1). Increasing the sucrose ratio to 0.5 sucrose/lipid eliminates the Pδ phase from this 
temperature range and two HII phases coexist. 
At the two higher osmotic pressures, there is a systematic trend for the d spacing to rise with 
increasing sucrose concentration (Figure 4.2). This is in contrast to the high hydration samples 
which show no change, or a small decrease in d spacing, as the sucrose concentration is increased. 
Most changes in d spacing, notwithstanding sudden changes due to hydrocarbon chain freezing or 
melting, can be attributed to changes in the size of the water region. Hence, increasing the sucrose 
concentration leads to a larger aqueous region at constant osmotic pressure. 
The Pδ phase is known to only form in DOPE systems at low hydration (Shalaev and Steponkus, 
1999). These results support this, with the Pδ phase observed most prominently at the lowest 
hydration without sucrose present. Transitions from this phase to a HII phase are seen upon an 
increase in hydration, brought about either by a decrease in osmotic pressure, or by an increase in 
sucrose concentration. A thermotropic transition from the Pδ phase to a HII phase is also observed 
with increasing temperature (Figure 4.6). This transition, not previously observed to the author's 
knowledge, appears to shift to a higher temperature as the hydration is decreased. 
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4.3 The DOPC:DOPE 0.5:1 system 
Figure 4.9 presents the phase diagrams for the DOPC:DOPE 0.5:1 system, and Figure 4.10 
presents the structural parameters, for each of the three sucrose:lipid ratios. 
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Figure 4.9. Phase diagram of the DOPC:DOPE 0.5:1 system. Phases: 
♦HII ○Lα   Cubic Ia3d. 
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Figure 4.10. Repeat spacing parameters vs sucrose molecules per lipid for 20 
°C and 80 °C for the DOPC:DOPE 0.5:1 system. Phases: ♦HII ○Lα   
Cubic Ia3d. 
4.3.1 Osmotic Pressure = 8.3 MPa (Relative Humidity = 94%) 
The incorporation of the bilayer lipid DOPC has a significant effect on the  phase behaviour. At 
the lowest osmotic pressure of 8.3 MPa, the system is dominated by the Lα phase (Figure 4.11). In 
addition to the Lα Bragg peaks, there is a compound peak with a lower q value than the first order 
Lα Bragg peak, and a broad shoulder with a wide peak between the first and second Lα Bragg peaks. 
These features are tentatively assigned to a possible coexisting cubic Ia3d phase (Figure 4.12). This 
is based primarily on the first two Bragg peaks indexing to this phase. Higher order peaks, 
individually unresolvable would then contribute to the higher q value shoulder. These features are 
visible at both 20 °C and 80 °C. Repeat measurements at 20 °C following heating to 80 °C showed 
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consistent results with initial 20 °C measurements, indicating inadequate sample mixing is unlikely 
to be the cause of this phase coexistence. At 80 °C, increasing the temperature has opposite effects 
on the d spacing of each phase, with the Ia3d spacing increasing and the Lα spacing decreasing, so 
that the wide peak of the Ia3d phase overlaps the first order Lα peak. 
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Figure 4.11. DOPC:DOPE 0.5:1, RH=94% (8.3 MPa). Coexisting Lα with 
Ia3d Cubic at 20 °C. At 80 °C there are two Lα phases coexisting with 
Ia3d. The thick vertical lines indicate the position of the Ia3d peaks. 
 
Figure 4.12. Schematic diagram of the cubic Ia3d phase. Image from (Seddon et al., 2000). 
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While the assignment of Ia3d phase is tentative, the same features are observed in the equivalent 
sample with a sucrose:lipid ratio of 0.25:1 at 20 °C. In this system, increasing the temperature to 50 
°C (no higher temperatures are available for this sample) leads to the transformation of the hump 
into several well defined low intensity peaks (Figure 4.13). The Lα peaks remain well defined and 
this phase appears to have the larger volume fraction. At 50 °C, the peaks index to two HII phases 
coexisting with the Lα phase. There is a large decrease in the d spacing of the Ia3d cubic phase with 
the introduction of 0.25 sucrose/lipid (205.2 to 158.7 Å). By contrast, at the same time there is only 
a small decrease in the d spacing of the Lα phase (56.1 to 55.1 Å).  
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Figure 4.13. SAXS measurements of the DOPC:DOPE 0.5:1 system with 
0.25 sucrose per lipid equilibrated at RH=94% (8.3 MPa). An Lα phase 
coexists with an Ia3d cubic phase at 20 °C. At 50 °C two HII phases 
coexist with an Lα phase. 
  75 
4.3.2 Lower Hydrations 
At higher osmotic pressures (39 and 152 MPa), the phase behaviour is much simpler, with a HII 
phase dominating each system at all temperatures, regardless of the sucrose ratio. At these osmotic 
pressures, there is a clear increase in the d spacing of the HII phase with increasing sucrose 
concentration (Figure 4.10). This increase ranges from 9.9 Å when the sucrose ratio is increased 
from 0 to 0.5 sucrose/lipid at 39 MPa, to 12.7 Å for the corresponding sucrose increase at 152 
MPa. Across constant sucrose ratios, smaller d spacing changes are observed (Figure 4.14) – with 
the largest change occurring in the absence of sucrose (50.2 to 46.0 Å at 20 °C). At the highest 
sucrose ratio of 0.5 sucrose/lipid, there is actually a small increase in the d spacing  (64.9 to 65.4 Å) 
as the osmotic pressure is increased. 
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Figure 4.14. Variation of HII phase repeat spacing with change in osmotic 
pressure from 39 to 152 MPa at 20 °C for each sucrose ratio of the 
DOPC:DOPE: 0.5:1 system. 
Figure 4.15 shows the d spacing of the WAXS peak (the average chain-chain separation, and 
therefore related to the average spacing of the lipids) as a function of sucrose:lipid ratio for the 
DOPC:DOPE 0.5:1 system at 25 °C. The WAXS d spacing at each osmotic pressure remains 
constant within errors regardless of the sucrose:lipid ratio. Likewise there is no trend in the position 
of the WAXS peak as a function of osmotic pressure for each sucrose ratio. Equivalent results were 
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seen in the other systems. These results show that the changes in phase behaviour and increases in 
repeat spacing induced by the presence of sucrose occur without the sucrose affecting the lateral 
spacing of the lipids, and without any evidence of the sucrose inserting between lipids. This is 
indicative of higher net hydration due to osmotic and volumetric effects causing changes in the 
phase behaviour. Increased d spacing, seen with increased sucrose concentration at constant 
osmotic pressure, delays the onset, and reduces the magnitude, of hydration forces during 
dehydration, with consequent changes in the phase behaviour. 
 
4.60
4.55
4.50
4.45
4.40
4.35
4.30
W
AX
S 
pe
a
k 
d 
sp
a
ci
n
g 
(Å
)
0.500.250.00
Sucrose per lipid
 Excess
 8.3 MPa
 39 MPa
 152 MPa
 
 
Figure 4.15. Position of the WAXS peak vs sucrose:lipid ratio for DOPE 
equilibrated over salts, measured at 20 °C. Error bars are shown for 8.3 MPa.  
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4.4 The DOPC:DOPE 1:1 System 
Figure 4.16 presents the phase diagrams for the DOPC:DOPE 1:1 system, and Figure 4.17 presents 
the structural parameters, for each of the three sucrose:lipid ratios. 
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Figure 4.16. Phase diagram of the DOPC:DOPE 1:1 system. Phases: 
♦HII ○Lα   Cubic Ia3d. 
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Figure 4.17. Repeat spacing parameters vs sucrose molecules per lipid for 
20 °C and 80 °C for the DOPC:DOPE 1:1 system. Phases: ♦HII ○Lα   
Cubic Ia3d. 
4.4.1 Excess Water and 8.3 MPa 
With an equal number of bilayer DOPC lipids to non-bilayer DOPE lipids, the system is 
dominated by bilayer phases at high hydration and non-bilayer phases at low hydration. Significant 
phase separation is observed. In excess water an Lα phase (d spacing = 60.42 Å) is seen to be 
coexisting with a second Lα phase (d spacing = 63.47 Å) at 20 °C (Figure 4.18). These two phases 
combine into one Lα phase upon heating. However, an absence of measurements of this sample 
following re-cooling precludes attaching significance to this phase separation due to the possibility 
of sample mixing artefacts. However, in both sucrose:lipid ratios at this hydration, two Lα phases 
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are also observed at lower temperatures. In these cases, follow up measurements following heating  
to 50 °C and re-cooling of the samples indicated this phase separation is reproducible. At 0.25 and 
0.5 sucrose/lipid, one of the lower temperature Lα phases transitions to a HII phase at high 
temperatures (e.g. 0.5 sucrose/lipid Figure 4.19). 
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Figure 4.18. The DOPC:DOPE 1:1 system in excess water at 20 °C. A 
small amount of phase separation is observed, with two Lα phases 
observed. 
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Figure 4.19. DOPC:DOPE 1:1 in excess water with 0.5 sucrose/lipid. Two 
coexisting Lα phases are observed at lower temperatures, with one 
transitioning to a HII phase upon heating. 
4.4.2 Lower Hydrations 
At an osmotic pressure of 39 MPa, an Ia3d cubic phase is observed (Figure 4.20). This phase 
coexists with an Lα phase at lower temperatures and a HII phase at higher temperatures. Unlike the 
DOPC:DOPE 0.5:1 system, the Ia3d phase in this system is unambiguous, with a large number of 
higher order peaks supporting the phase assignment. A temperature scan measurement shows there 
is a large phase coexistence region during the Lα – HII transition, with the Lα peaks decreasing in 
intensity as the temperature increases, while there is a corresponding increase in the HII phase peaks 
(Figure 4.21). The Ia3d peaks remain constant throughout. 
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Figure 4.20. The DOPC:DOPE 1:1 equilibrated at an osmotic pressure of 
39 MPa (RH=75%). An Ia3d coexists with an Lα phase at 20 °C (left) and 
a HII phase at 80 °C (right). A temperature scan between these two 
temperatures is shown in Figure 4.21. 
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Figure 4.21. A temperature scan (cooling) between 80 °C and 20 °C for the 
DOPC:DOPE 1:1 equilibrated at an osmotic pressure of 39 MPa 
(RH=75%). An Ia3d coexists with an Lα phase at 20 °C and a HII phase at 
80 °C. Peak labels are shown in Figure 4.20. 
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The same phase behaviour is seen at the higher osmotic pressure of 152 MPa with 0.25 
sucrose:lipid (Figure 4.22 and Figure 4.23). In each case the phase behaviour is reversible and 
reproducible. Increasing the sucrose ratio to 0.5 eliminates the Ia3d and Lα phases from the system, 
and two coexisting HII phases are observed for the lowest two hydrations. 
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Figure 4.22. DOPC:DOPE 1:1 with 0.25 sucrose/lipid equilibrated at 152 MPa (RH=33%). An Ia3d 
cubic phase coexists with an Lα phase at 20 °C (left) and a HII phase at 80 °C (right). A temperature 
scan between these two temperatures is shown in Figure 4.23. 
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Figure 4.23. A temperature scan (heating) between 20 °C and 80 °C for DOPC:DOPE 1:1 with 0.25 
sucrose/lipid equilibrated at an osmotic pressure of 152 MPa (RH=33%). An Ia3d coexists with an Lα 
phase at 20 °C and a HII phase at 80 °C. Peak labels are shown in Figure 4.22 
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4.5 The DOPC:DOPE 2:1 System 
Figure 4.24 presents the phase diagrams for the DOPC:DOPE 2:1 system, and Figure 4.25 presents 
the structural parameters, for each of the three sucrose:lipid ratios. 
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Figure 4.24. Phase diagram of the DOPC:DOPE 2:1 system at various 
hydrations and sucrose concentrations. Phases: ♦HII ○Lα   Cubic Ia3d  
 Pα □ Cubic Pn3m. 
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Figure 4.25. Repeat spacing parameters vs sucrose molecules per lipid for 20 °C 
and 80 °C for the DOPC:DOPE 2:1 system. Phases: ♦HII ○Lα   Cubic Ia3d  
 Pα □ Pn3m cubic. 
4.5.1 Osmotic Pressure = 8.3 MPa (Relative Humidity = 94%) 
With 2 DOPC per 1 DOPE, the system shows an increased propensity to form the bilayer Lα phase 
than for the systems with lower DOPC ratios. At 8.3 MPa, the system forms a single Lα phase over 
the entire temperature range. With 0.25 sucrose/lipid, a second Lα phase coexists at lower 
temperatures, consistent with previous observations (Bryant et al., 1992; Bryant and Wolfe, 1989). 
Increasing the sucrose ratio to 0.5 sucrose/lipid results in an Lα phase coexisting with a Pn3m cubic 
phase (Figure 4.26). 
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Figure 4.26. DOPC:DOPE 2:1 with 0.5 sucrose/lipid equilibrated at an 
osmotic pressure of 8.3 MPa (RH=94%). An Lα phase coexists with a 
Pn3m cubic phase. 
4.5.2 Osmotic Pressure = 39 MPa (Relative Humidity = 75%) 
At 39 MPa, only data from one sample – 0.25 sucrose/lipid is available. In this system, an Lα phase 
coexists with a HII phase at low temperatures (Figure 4.27 left). There is also some evidence of an 
Ia3d phase also coexisting in this system, with low intensity peaks corresponding to this phase 
observable. At higher temperatures, the Lα phase disappears, and the HII phase dominates the 
system, again with low intensity Ia3d peaks present (Figure 4.27 right). A temperature scan between 
these two temperatures (Figure 4.28) shows this transition. 
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Figure 4.27. DOPC:DOPE 2:1 with 0.25 sucrose/lipid equilibrated at an 
osmotic pressure of 39 MPa (RH=75%). An Lα phase coexists with a HII 
phase at 20 °C, with some evidence of an Ia3d cubic phase (left). At 80 °C 
a HII phase dominates, with a coexisting Ia3d cubic phase (right).  
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Figure 4.28. Temperature scan (cooling) between 80 °C and 20 °C for 
DOPC:DOPE 2:1 with 0.25 sucrose/lipid. An Ia3d cubic phase coexists with a 
HII phase at 80 °C and an Lα phase at 20 °C. Peak labels are shown in Figure 4.27.  
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4.5.3 Osmotic Pressure = 152 MPa (Relative Humidity = 33%) 
Dehydration of the DOPC:DOPE 2:1 lipid system at 152 MPa induces the formation of an inverse 
fluid ribbon phase at lower temperatures, with a thermotropic transition to a HII phase in the 
temperature range 40–45 °C. This system, along with the systems with sucrose ratios 0.25 and 0.5 
sucrose/lipid are investigated in further detail in the next chapter. 
4.6 Conclusions 
This chapter presented phase behaviour data for DOPC:DOPE mixed lipid systems equilibrated at 
several osmotic pressures. The effects of sucrose at the ratios 0.25 and 0.5 sucrose:lipid were 
investigated. Sucrose had little effect on the phase dimensions of systems at excess hydration or 
equilibrated at an osmotic pressure of 8.3 MPa (RH=94%). Despite this, sucrose did change the 
phase behaviour of the systems at these hydrations, including the promotion of a coexisting HII 
phase in the 1:1 DOPC:DOPE system, and the promotion of a coexisting Pn3m cubic phase in the 
2:1 DOPC:DOPE system. However, the greatest effects of sucrose on phase behaviour were seen 
in the lower hydration systems (osmotic pressure 39 and 152 MPa). Under these conditions the 
presence of sucrose was seen to increase the incidence of phase separation (particularly in mixed 
lipid systems), change the phases present in the system, and effect a systematic increase in lipid 
phase d spacing with increasing sucrose concentration.  
At low water contents, hydration forces begin to dominate the phase behaviour as phase d spacings 
decrease (Rand and Parsegian, 1989; Wolfe, 1987). The increase in d spacing as a function of 
sucrose concentration in the lower hydration systems reveals that the sucrose diminishes the 
hydration forces experienced by the lipids by retaining water within the system. This could account 
for the changes in phase behaviour due to sucrose at the lowest hydrations. Phase separation of 
mixed lipid systems at low water contents has been proposed to be due to the different hydration 
characteristics of individual lipid species (Bryant et al., 1992; Bryant and Wolfe, 1989). The 
increased incidence of phase separation in the presence of sucrose is slightly unexpected as there is 
more water in the systems with sucrose present. In these cases, it could be that the different 
hydration characteristics of the lipid species is causing the increased water to locate near strongly 
hydrating lipids (e.g. those with phosphatidylcholine headgroups), thus enlarging the difference in 
hydrations of the different lipid species. Further investigations are needed to investigate this. These 
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changes occurred without the presence or concentration of sucrose affecting the position of the 
WAXS peak – an indicator of the average lateral spacing of the lipids. This indicates there is no 
significant interaction between the sucrose and lipid headgroups during which sugars insert 
between lipids. Instead, osmotic and volumetric effects, non-specific to sucrose could account for 
the observed effects on the phase behaviour. 
Increasing the number ratio of DOPC molecules per DOPE saw an increase in the prevalence of 
bilayer phases, particularly the Lα phase. This phase is seen in the 0.5:1 DOPC:DOPE equilibrated 
at 8.3 MPa (RH=94%). As the DOPC ratio increases, this phase is able to form at higher osmotic 
pressures (lower hydrations). This behaviour is augmented by sucrose, with a coexisting Lα phase 
able to exist in the 2:1 DOPC:DOPE system equilibrated at an osmotic pressure of 152 MPa 
(RH=33%) with a 0.5:1 sucrose:lipid ratio. This promotion of bilayer phases by sucrose at low 
water contents is indicative of cryoprotective behaviour. Combined with the larger d spacings and 
negligible effect of sucrose on the lateral spacing of the lipids, this behaviour supports the theory 
that modulation of hydration forces by sugars plays a key role in the protection of bilayer 
membranes during dehydration (Bryant et al., 2001; Wolfe and Bryant, 1999a).  
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C h a p t e r  5  
THE INVERSE FLUID RIBBON PHASE IN LOW HYDRATION DOPC:DOPE 
PHOSPHOLIPID MIXTURES 
5.1 Introduction 
Non lamellar phases in phospholipid systems have been widely studied in recent years. In 
particular, much attention has been paid to the inverse hexagonal phase and cubic phases. 
Extensive information about these phases and transitions between them and other phases has been 
discovered using a variety of experimental techniques. Ribbon phases in phospholipid systems, 
while represented in the literature, have not received as much attention as other non-lamellar 
phases. While to the knowledge of the author no ribbon phases have been observed in biological 
systems, ribbon phases are potentially equally important in a range of biological phenomena, 
considering that their non-lamellar morphology means that transitions to this phase from lamellar 
bilayer phases have the potential to disrupt cell membranes, causing lethal damage to the cell.  
Ribbon phases (see Figure 5.1) are so named as they consist of ribbon like strips of bilayer packed 
on a two-dimensional rectangular lattice (Luzzati, 1968). Previous studies of this phase include a 
small number of very low hydration systems of soaps (Luzzati, 1968) and some phospholipids 
(Tardieu et al., 1973), (Pohle and Selle, 1996), (Shalaev and Steponkus, 1999), (Shalaev and 
Steponkus, 2001), (Binder and Pohle, 2000), (Binder et al., 2000) and (Pohle et al., 2001), with both 
fluid (Pα) and frozen (Pδ) hydrocarbon chains observed. 
The data that does exist on this phase is limited in phospholipid systems, partly due to poor 
resolution of higher order Bragg reflections, e.g. (Pohle et al., 2001). At present there is no 
systematic study of the temperature dependence of the structural parameters, nor the details of the 
transition from the HII phase. Furthermore, to the knowledge of the author there is no study on the 
effect of sugars on the ribbon phase in lipid systems. The combination of the non-lamellar 
morphology of the phase and its position at the dry end of the phase diagram make this phase and 
its response to the presence of sugars particularly interesting for the anhydrobiology and 
cryobiology fields.  
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Several low hydration samples investigated in this project were observed to form a ribbon phase 
under specific conditions. In this chapter, the ribbon phase and transitions between it and other 
phases are examined in more detail and the effect of the presence of sugars is investigated. 
 
Figure 5.1. Schematic of the HII and Pα phases. The structural parameters 
of the unit cells for both phases are shown. In the ribbon phase the 
headgroups do not extend to the edge of the unit cell, but rather the space 
between the headgroup 'ribbons' is filled with hydrocarbon, represented by 
the hydrocarbon distance dh 
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5.2 Results 
The ribbon phase was observed in the DOPC:DOPE 2:1 system equilibrated at RH=33%. Figure 
5.2 shows synchrotron SAXS patterns for this system during cooling from 80 °C to 20 °C at 
approximately 20 °C/min. Phases were assigned based on the characteristic spacing of higher order 
reflections. At 80 °C, five small angle reflections are evident, with the reflections indexing according 
to the inverse hexagonal phase HII. The broadness and absence of distinct sharp peaks in the 
WAXS reflection centred at 1.36 Å−1 (inset) indicates the hydrocarbon chains of the lipid molecules 
have the high degree of disorder characteristic of a fluid phase. 
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Figure 5.2. SAXS scans during cooling from 80 ° C (front) to 20 ° C (back) 
for DOPC:DOPE 2:1 system equilibrated at RH=33%. Scans are 
displaced vertically for clarity. The scans were taken at 10 s intervals and 
are of 1.2 s duration. Cooling rate was approximately 20 °C/min. The inset 
shows the broad wide angle peak, indicative of fluid chains, which does 
not change significantly over this temperature range. 
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As the sample is cooled, it undergoes a transition over the range 40–45 °C. At the lowest 
temperature of 20 °C, 12 major reflections are visible. These reflections index according to a 
rectangular two-dimensional monoclinic lattice: 
 ( ) ( )22hk bkah2q +pi=  (5.1) 
with a systematic absence of (h,k) peaks, h+k=2n+1 indicating centred symmetry. The parameters 
a and b denote the short and long unit cell axes, respectively, as shown in Figure 5.1. This phase is 
identified as the inverse fluid ribbon phase, Pα, which consists of ribbon like strips of alternating 
layers of lipid bilayer and anti-bilayer with disordered fluid hydrocarbon chains (α conformation). 
The Pα phase has previously been observed in dehydrated DOPE systems at water activities below 
0.6 (Binder et al., 2000; Binder and Pohle, 2000; Pohle and Selle, 1996; Pohle et al., 2001), equating 
to a water content of about 3.6% (by weight) (Shalaev and Steponkus, 2001). An inverse ribbon 
phase with ordered hydrocarbon chains (Pδ) has also been observed in dehydrated DOPE (Shalaev 
and Steponkus, 1999) and (Shalaev and Steponkus, 2001) as well as in phosphatidylcholine systems 
(Tardieu et al., 1973). To the knowledge of the author, all observations of the ribbon phase in 
phospholipid systems have been in anhydrous or dehydrated systems with water contents at or 
below 3.6%, and most of the previous work has been limited by low resolution and or absence of 
the higher order reflections. 
Figure 5.3 shows the structural parameters of the HII and Pα phases as functions of temperature. 
Both kinetic data (Figure 5.2) and equilibrium data are shown. Clearly, the temperature has a greater 
effect on the structure of the Pα phase than the HII phase, with the HII unit cell dimensions 
remaining essentially constant over the measured temperature range. On cooling to the HII– Pα 
transition, there is an immediate transition into the Pα phase with the transition complete within 
two exposures during scanning (<20  s). The Pα short axis, a (see Figure 5.3), is initially equal to 
twice the HII(1,1) planar distance, and remains essentially constant. The long axis, b, is equal to 
twice the HII(1,0) planar distance at the transition.  
  95 
 
Figure 5.3. Structural dimensions (top) and area of the unit cells (bottom) as functions of 
temperature for a DOPC:DOPE 2:1 system equilibrated at RH=33%. Filled symbols are the HII 
phase, open symbols are the Pα phase. The temperature ranges over which the three phases are 
identified are indicated by horizontal lines. Kinetic runs are indicated by right and left pointing 
triangles for heating and cooling, respectively. Squares are equilibrium measurements (both heating 
and cooling). Plusses indicate the lamellar gel phase. The sample holder used for the synchrotron 
measurements could not go below ambient temperature, so measurements at temperatures ≤20 °C 
were carried out on a lab based instrument. All others are synchrotron measurements. 
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Upon cooling there is an extension of the length of the ribbon, with the cell length b following an 
approximately linear trend as a function of temperature. Both kinetic heating and cooling show the 
same trends, with some hysteresis, and the equilibration measurements bisect the hysteresis loop. 
Below 30 °C the ratio (b/a) is greater than 2, allowing the (4,0) and (0,2) reflections of the Pα phase 
to be differentiated in the SAXS data. 
DSC measurements of this system show one large peak in both the heating and cooling scans 
(Figure 5.4). The onset transition temperatures of these peaks are -2.3 °C and -10.0 °C for heating 
and cooling respectively when scanned at 20 °C/min. The enthalpy of these transitions (27.5 
kJ/mol) is consistent with a transition from fluid to ordered chains, such as the Lα to Lβ (fluid to 
gel) transition.  
 
Figure 5.4. DSC trace of the DOPC/DOPE 2:1 system equilibrated at 
RH=33%.. Heating and cooling trace are shown, with the scanning rate 20 
°C/min. The large peak in each scan corresponds to the Pα-Lβ transition. 
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This agrees with the laboratory SAXS data, which shows a transition to a lamellar phase between -
2.0 and -5.4 °C (equilibrium measurements) identified by a change in the spacing of the Bragg 
reflections to the ratios 1:2:3:4 (Figure 5.5). Above these temperatures, the laboratory SAXS of the 
Pα phase data shows one main peak with a broad shoulder towards small q values. This is a 
compound of the (2,0) and (1,1) peaks which are unresolvable on this instrument. A higher q 
values, three small peaks are visible – a combined (3,1)(4,0)(0,2) peak, the (3,1) peak and a 
combined (0,4)(2,4) peak. Though resolution of peaks on this instrument is low, data is in 
agreement with the synchrotron SAXS data. The wide angle reflection is not accessible on this 
instrument, however, the low temperature lamellar phase has a bilayer thickness 10% larger than in 
the Pα phase, indicative of a fluid-gel transition. The slight offset between the transition 
temperatures is due to the fact that the SAXS data is measured at equilibrium, whereas the DSC 
measurements are made during scanning at 20 °C/min. 
101
102
103
104
105
106
In
te
n
si
ty
 
(a.
u
.
)
0.60.50.40.30.20.1
Q (Å-1)
19.9 °C
15.7 °C
11.5 °C
7.3 °C
3.0 °C
-2.0 °C
-5.4 °C
Pα
Lβ
 
Figure 5.5. Temperature equilibrated laboratory SAXS measurements of 
the DOPC:DOPE 2:1 system equilibrated at 33% RH. Measurements are 
displaced vertically for clarity.   
  98 
Figure 5.6 shows the corresponding real space length of the WAXS peak as a function of 
temperature. The peak position decreases from 4.6 to 4.5 Å in a roughly linearly fashion as the 
temperature is reduced, while its FWHM (inset) remains constant. More importantly there is no 
qualitative change in this peak, indicating there are no transitions to gel or crystalline phases in the 
system. This is in contrast to other reports which have reported an inverse ribbon phase in 
dehydrated lipid systems with the hydrocarbon chains in the δ conformation (Shalaev and 
Steponkus, 1999), (Shalaev and Steponkus, 2001) and (Tardieu et al., 1973)—stiff chains with 
rotational disorder in a two-dimensional square lattice arrangement. In this study, several DOPE 
samples were observed to form a phase consistent with Pδ. However, a definitive phase assignment 
was not made as the higher order Bragg peaks could not be individually resolved. This is thought to 
be due to the proximity of the Bragg peaks to each other. A tentative phase assignment was made 
based on the agreement between the peaks observed and the calculated positions of a Pδ phase with 
appropriate unit cell dimensions for a low hydration DOPE sample (Shalaev and Steponkus, 1999). 
These results are discussed in Chapter 4, Section 4.2.2. 
 
Figure 5.6. Position of the wide angle Bragg reflection and its full width at half maximum (inset), 
for the DOPC:DOPE 2:1 system equilibrated at RH=33%. Filled symbols are the HII phase, open 
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symbols are the Pα phase. Kinetic runs are indicated by right and left pointing triangles for heating 
and cooling, respectively. Squares are equilibrium measurements (both heating and cooling). 
There is an absence of a measureable peak in the DSC traces corresponding to the HII-Pα transition 
revealing that this transition has a very low enthalpy. This is supported by the continuous change in 
the unit cell area across the HII–Pα transition—with the ribbon unit cell area equal to twice the HII 
unit cell area at the transition (Figure 5.3 bottom), as well as the absence of any qualitative change 
in the WAXS peak. These results demonstrate that the HII-Pα transition is a continuous transition 
which involves a distortion of the hexagonal packing of the lipid headgroups into an elongated 
ribbon. Upon heating, the ribbon unit cell long dimension b decreases and the lamellar ribbons 
become increasingly symmetrical. When they become completely symmetrical, the transition to the 
HII phase is complete. There is no discontinuity in the transition from the Pα spacing b to the 
hexagonal spacing 2d10. These findings are consistent with the idea (Binder et al., 2000) that the 
transition is entropy rather than enthalpy driven. 
5.3 The Effects of sugar 
In addition to the DOPC/DOPE 2:1 system, two systems containing sucrose were studied: 0.25 
sucrose/lipid and 0.5 sucrose/lipid. The lipid ratio of lipid species and equilibration environment 
were constant for all samples. The addition of sucrose was observed to significantly change the 
phase behaviour. In both sucrose systems, the ribbon phase did not form in the temperature range 
studied. At the lower sucrose ratio of 0.25 sucrose/lipid, the inverse hexagonal phase exists over a 
larger temperature range than in the pure lipid/water system, replacing the ribbon phase at the 
higher temperatures (Figure 5.7). At lower temperatures (< 42 °C), the fluid lamellar phase coexists 
with the HII phase. The Lα phase was not observed in the system without sucrose.  
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Figure 5.7. SAXS cooling scan for the DOPC:DOPE 2:1, 0.25:1 
sucrose/lipid system equilibrated at RH=33%. Each line shows one 
exposure as the system is cooled from 80 ° C (front) to 20 ° C (back), with 
one 1.2 second exposure taken every 10 seconds. Cooling rate was 
approximately 20 °C/min.  
Increasing the sucrose ratio to 0.5 sucrose/lipid further promotes the Lα phase as shown by its 
increased temperature range (Figure 5.8). In this system the Lα phase coexists with the HII phase 
over the entire temperature range. In addition, the volume fraction of the Lα phase has increased 
with the increased sucrose ratio, reflected by the larger intensities of the Bragg reflections for this 
phase in this system, compared to the intensities of the HII phase reflections. It is clear that the 
presence of sucrose has a major effect on the DOPC:DOPE 2:1 system equilibrated at RH = 33%, 
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with the promotion of the membrane forming Lα phase with increasing sucrose concentration 
consistent with the role of sucrose as a protectant against membrane damage. A comparison of the 
SAXS results at 20 °C for each sucrose ratio is shown in Figure 5.9, showing the promotion of the 
Lα phase peaks with increasing sucrose concentration. 
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Figure 5.8. SAXS cooling scan for the DOPC:DOPE 2:1, 0.5:1 sucrose/lipid 
system equilibrated at RH=33%. Each line shows one exposure as the system 
is cooled from 80 ° C (front) to 20 ° C (back), with one 1.2 second exposure 
taken every 10 seconds. Cooling rate was approximately 20 °C/min. 
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Figure 5.9. Static SAXS of the three DOPC:DOPE 2:1 systems at 20 °C: 0 
sucrose (red), 0.25:1 sucrose:lipid (blue) and 0.5:1 sucrose:lipid (green). 
The top traces have been translated on the vertical scale for clarity. 
DSC measurements of the sucrose/lipid systems (Figure 5.10) show one large peak in both the 
heating and cooling scans, as seen for the lipid system. These peaks are attributed to transitions to 
the Lβ phase on account of the magnitude of the enthalpies and temperatures of the transitions. 
There is a shift of the transition to lower temperatures as the sucrose concentration is increased. 
While the height of the transition peaks is relatively constant across the systems, there are 
qualitative differences in the shapes of the peaks. At 0.25 sucrose/lipid, there is a protuberance on 
both sides of the melting transition peak (and to a lesser extent on the freezing transition peak). At 
0.5 sucrose/lipid, there is a change in the slope of the baseline following the freezing transition 
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peak on cooling. On heating, there is a gradual increase in the heat flow to the apex of the melting 
peak. These features suggest possible glass formation at lower temperatures (Koster et al., 2000). 
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Figure 5.10. DSC heating and cooling traces for the DOPC:DOPE 2:1 
system  equilibrated at RH=33% with 0, 0.25 and 0.5 sucrose/lipid. 
Temperature scanned at 10 °C per minute. 
5.4 Discussion 
It is clear from the results that the presence of sucrose substantially affects the phase behaviour of 
the DOPC:DOPE system – the introduction of sucrose prohibits formation of the Pα phase, and 
increases the propensity for the Lα phase to form. Additionally, an increase in the sucrose 
concentration is accompanied by an increase in the d spacing of the HII and Lα phases – as can be 
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observed in Figure 5.12 on page 107 – attributable to sucrose molecules retaining water within the 
system.  With each sample equilibrated at RH = 33% (Osmotic pressure = 152 MPa), the water 
contents of the samples – determined by weighing the samples before and after drying them over 
P2O5 – are 4.3 %, 7.3% and 9.7% by weight for the 0, 0.25 and 0.5 sucrose/lipid samples 
respectively. This corresponds to 1.9, 3.8 and 5.6 water molecules per lipid. The correlation 
between sucrose concentration and repeat spacing is not surprising given the strong hydration 
characteristics of sucrose molecules (Bryant and Koster, 2004). Of more interest is the location of 
the sucrose within the lipid system as this can provide information on the lipid sugar interaction. In 
this regard, the increase in repeat spacing suggests some (or all) sucrose is being incorporated into 
the lipid phase. This follows from the dependence of the repeat spacing of a lipid phase being 
primarily a function of changes in the dimension of the water region – e.g. the water layer thickness 
in the Lα phase or the radius of the cylindrical water core in the HII phase (Tate and Gruner, 1989). 
The only other possibility – all sucrose is excluded from the lipid phase into a coexisting solvent 
phase, would create an osmotic pressure between the solvent phase and lipid phase serving to 
dehydrate the lipid phase and decrease its repeat spacing (Tenchov et al., 1996). 
Sucrose molecules located within the lipid phase water region are increasing the separation of lipid 
headgroups in each phase, either due to their osmotic and volumetric effects retaining water in 
these regions, by their replacement of water molecules at the lipid/water boundary, or a 
combination of both. Interestingly, there is a decrease in the repeat spacing of the WAXS peak with 
increasing sucrose concentration (Figure 5.11). The position of the WAXS peak is related to the 
inter-chain spacing of the lipids. While the decrease as a function of sucrose concentration is small 
compared to its spacing, it would appear to be inconsistent with an increase of lateral lipid 
separation due to incorporation of the sucrose within the plane of the lipid headgroups. All 
evidence in the literature shows that in lipid systems, ribbon phases only form at the very dry end 
of the spectrum (Binder and Pohle, 2000; Pohle and Selle, 1996; Pohle et al., 2001; Shalaev and 
Steponkus, 2001; Tardieu et al., 1973). Thus the incorporation of strongly hydrating sucrose 
molecules within the lipid phase plays a major role in the prevention of the Pα phase from forming 
in the presence of sucrose. 
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Figure 5.11. Repeat spacing of the WAXS peak vs temperature for  the 
DOPC:DOPE 2:1 systems equilibrated at RH=33%. Sucrose ratio: 0 
sucrose/lipid (red); 0.25 sucrose/lipid (blue); 0.5 sucrose/lipid (green). 
5.5 Sugar Exclusion 
Internal dimensions of the lipid phases are not directly accessible from the SAXS data without 
electron density reconstruction of the phases. The requirement of low hydration for the formation 
of the ribbon phase makes use of the swelling method and phase assignment of the form factors 
difficult. However, by holding the thickness of the lipid regions in each phase constant and using 
Luzzati's method of dividing the spatial dimensions of the system according to each constituent's 
volume fraction, a first order approximation can be obtained (Luzzati, 1968). In the case of a 
bilayer phase, this assumes a constant bilayer thickness with all other components located between 
opposing bilayers. For an inverse hexagonal phase, it is assumed the lengths of the lipids, measured 
from the lipid/water boundary to the edge of their hexagonal cell, remain constant, with all other 
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components located in the cylindrical water core. These assumptions are not applicable to 
thermotropic changes due to changes in the internal phase dimensions, or at or near full hydration 
due to large scale exclusion of solution from the lipid phase (Demé and Zemb, 2000) and 
divergence of bilayer thickness (Caracciolo et al., 2007). However, by fixing the temperature and 
utilising low hydration systems, these approximations are reasonable for single phase systems. 
Using Luzzati's method the internal dimensions of a lamellar bilayer phase are: 
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Where d is the d spacing, dL = is the bilayer thickness, dW is the water layer thickness and φL is the 
lipid volume fraction determined from the volumes (V) of the lipid, water and sugar: 
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For the HII phase, the internal dimension of interest is the radius of the water core (Rw): 
 piφ= 2/3d2R W11W  (5.4) 
where φw is the water volume fraction, or water+sugar volume fraction. The water volume fraction 
can be determined gravimetrically by weighing the sample before and after drying. The water+sugar 
volume fraction is calculated in a similar way, using knowledge of the sugar/lipid ratio from sample 
preparation. The d spacings calculated using this method are shown as functions of temperature in 
Figure 5.12 for the three samples. 
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Figure 5.12. Repeat spacings of the Lα (circles) and d10 planar spacing of 
the HII phase (squares) versus temperature for the DOPC:DOPE 2:1 
systems equilibrated at RH=33%. Sucrose ratio: 0 sucrose/ lipid (open 
symbols); 0.25 sucrose/lipid (crossed symbols); 0.5 sucrose/lipid (solid 
symbols). 
The pure lipid system exists in a single HII phase at the higher temperatures. Equilibrated at 70 °C, 
the spacings of the (10) and (11) planes are 38.4 Å and 22.2 Å respectively (Table 5.1). This 
corresponds to a water core radius of 4.8 Å. The structural dimensions, calculated using the known 
water volume fraction and Luzzati's method, are illustrated in Figure 5.13. At this temperature, the 
0.25 sucrose/lipid system also forms the HII phase, with planar spacings of  42.3 Å (10) and 24.4 Å 
(11). This corresponds to a water core radius of 9.2 Å, assuming equivalent lipid extension to the 
lipid system. Internal dimensions of these magnitudes equate to a non lipid component volume 
fraction of φW+S = 0.073. This is significantly below the combined water volume fraction 
determined gravimetrically and the sucrose volume fraction determined from the known sucrose 
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ratio, of φW+S = 0.13. In other words, a larger increase in the repeat spacing would be expected for 
the increase in hydration by the sucrose solution between the lipid and 0.25 sucrose/lipid systems. 
The fact that the increase is less than expected raises two possibilities: the length of the lipid 
extension is significantly changing between systems, or that some of the sucrose solution is being 
excluded from the HII phase, with the latter explanation more likely. Note that it is not possible to 
do the same analysis on the 0.5 sucrose/lipid sample, as the presence of two phases complicates the 
analysis. 
 
 (10) Plane Spacing (11) Plane Spacing RW 
Pure lipid 38.4 22.2 4.8 
0.25 sucrose/lipid 42.3 24.4 9.2 
Table 5.1. Dimensions of the HII phase for the pure lipid and 0.25 
sucrose/lipid systems at 70 °C. 
22.2 Å
4.83 Å
38
.4
 Å
 
Figure 5.13. Schematic diagram drawn to scale of the lipid system in the 
HII phase at 70 °C, showing the (10) and (11) planar spacings as well as the 
water core radius. 
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This analysis suggests that even in very low hydration systems such as those studied here, not all the 
sucrose is situated in the lipid phase, with the implication that some of the sucrose is excluded into 
separate regions, as found previously for lamellar phases at both full hydration (Demé and Zemb, 
2000) and in partially dehydrated systems (Lenne et al., 2006). This possibility is investigated further 
in chapter 6, using contrast variation neutron scattering. 
5.6 Conclusions 
This chapter demonstrated for the first time a Pα phase stable over a wide temperature range, with a 
direct transition between the Pα phase and the gel lamellar phase (with no intermediate lamellar 
fluid phase). Furthermore, there is evidence that the Pα phase can exist at a higher water content in 
mixed DOPC:DOPE mixtures than in single component systems of either constituent. For the first 
time, the Pα phase and transitions involving this phase have been characterised in detail. 
Temperature dependence of the Pα phase shows a linear response of the ribbon cell long axis, while 
the short axis remains constant. As the temperature is increased, the Pα long axis decreases, until it 
is equal to twice the length of the HII(1,0) planar distance at the transition. At this point, the ribbon 
leaflets become symmetric and the transition to the HII phase is complete. 
In the presence of sucrose, the Pα phase was not observed to form. This is attributed to the higher 
water content of the sucrose/lipid systems due to strongly hydrating sucrose molecules located 
within the lipid phases. The possibility of partial exclusion of sucrose from the HII phase is raised 
by the discrepancy between the calculated sucrose/water volume fraction of the 0.25 sucrose/lipid 
system and the measured spatial dimensions of the HII phase. 
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C h a p t e r  6  
 THE INTERACTION BETWEEN SUGAR AND THE DOPE HII PHASE 
6.1 Introduction 
Colloidal suspensions often contain microscopic domains of different concentrations of particles  
coexisting in equilibrium (Chen and Wunderlich, 1999). This microphase separation occurs in 
equilibrium states of the macroscopic suspension. Lipid phases are particularly susceptible to this 
phenomenon, with microphases of the hydrated lipid phase coexisting with microphases of excess 
solvent (e.g. water). This occurs when lipid phases are above their limiting hydration (i.e. when the 
lipid phase cannot incorporate extra water), but it can also occur at lower hydrations in the presence 
of sugars (Lenne et al., 2006).  
Microphase separation has important consequences for systems containing sugars. The protective 
effect of sugars, whichever model of protection is applied, requires sugars to be incorporated into 
lipid membrane systems. The presence of an excess solvent microphase presents two locations for 
an introduced solute to accumulate. This raises the possibility of an unequal distribution of sugar 
among the microphases. In order to develop an accurate model of the protective effects of sugars 
on lipid membranes during dehydration it is therefore necessary to determine the existence of any 
excess solvent microphase present in the system, and to quantify any disparity in sugar 
concentration between the lipid and excess microphases. 
Previous work on the location of uncharged solutes in lipid/water systems has concentrated on 
lamellar lipid systems – either bilayer systems or multilamellar vesicles. Consistent results have been 
seen for phosphatidylcholine lipids using differential vapour pressure measurements (Westh, 2008), 
gravimetric measurements (Bryant and Koster, 2004; Pincet et al., 1994), differential scanning 
calorimetry (Koster et al., 2003),  fluorescence measurements (Söderlund et al., 2003) and contrast 
variation SANS measurements (Demé and Zemb, 2000; Lenne et al., 2006). These results show a 
preference for lower concentrations of sugar in the region near the water/lipid boundary of the 
bilayer. This hydration layer results in a lower overall concentration of sugar in the lipid phase 
compared to any coexisting excess solvent microphase.  
  112 
Less well known is how sugars partition between a non-lamellar lipid phase and an excess water 
microphase. These phases are particularly important in the context of dehydration and freezing 
damage as transitions to them involve extensive rearrangement of membrane lipids causing 
irreversible damage to the cell. The HII phase (shown schematically in Figure 6.1) is representative 
of a potentially lethal phase to cells as it does not provide the semi-permeable barrier critical to cell 
function. This phase exists in a wide range of model lipid systems (Seddon, 1990; Webb et al., 1993) 
and is particularly prevalent in systems of dioleoylphosphatidylethanolamine (DOPE) (Gruner et 
al., 1988; Shalaev and Steponkus, 1999; Tate and Gruner, 1989). 
 
Figure 6.1. Schematic diagram of the HII phase. The d spacing (d), 
interplanar distances (d10 and d11) and water core radius (RW) are indicated. 
Pure PE membranes do not exist in nature. However, lipid species are not distributed evenly 
throughout cell membranes - for example in healthy mammalian cells, PE tends to concentrate in 
the inner membrane leaflet (Devaux et al., 2006). In addition, dehydration or temperature stress can 
cause lipid redistributions or phase separations (Bryant et al., 1992; Bryant and Wolfe, 1989). Thus 
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regions within membranes can become concentrated in non-bilayer forming lipids, warranting 
investigation of their interaction with sugars. 
In this chapter,  small angle x-ray scattering is combined with contrast variation small angle neutron 
scattering to quantitatively determine the partitioning of glucose in a fully hydrated 
DOPE/water/glucose system at three temperatures – 25 °C (HII phase), 45 °C (HII phase) and -15 
°C (Lβ phase). Electron density profiles are reconstructed from SAXS data to provide high 
resolution information on the internal spatial dimensions of each lipid phase. The contrast variation 
SANS technique of Demé and Zemb (Demé and Zemb, 2000) is employed to determine volume 
fractions of glucose in each microphase. 
6.2 Phase Behaviour 
DOPE/water and DOPE/glucose/water systems were investigated using static temperature SAXS 
measurements (samples equilibrated at measurement temperature) and SAXS temperature scans 
with simultaneous DSC measurement. The limiting hydration for DOPE/water systems varies with 
temperature from a water fraction by volume of 0.311 at 10 °C to a water fraction of 0.243 at 90 °C 
(Tate and Gruner, 1989). The systems investigated here each have global water (or water + sugar) 
fraction of 0.5 – above the limiting hydration for all temperatures. Glucose was added to the 
appropriate samples to give a 0.5:1 sugar/lipid molecule ratio. These sample compositions ensure 
the existence of excess solvent microphases, as well as ensuring the sugar ratio is high enough to 
affect the phase behaviour (Lenne et al., 2007), but not so high that it introduces the complication 
of vitrification (Wolfe and Bryant, 1999a). 
The effects of sugars on the HII phase have been previously studied. Interestingly, and somewhat 
counter to their cryoprotective nature, sugars have been shown to increase the propensity of a fully 
hydrated DOPE system to form the HII phase at the expense of the Lα phase, in some cases 
completely suppressing the formation of the Lα phase (Koynova et al., 1989; Wistrom et al., 1989). 
Equivalent behaviour was observed in this study. Figure 6.2 and Figure 6.3 show the SAXS 
temperature scans for the DOPE/water and DOPE/glucose/water samples respectively, heated at 
a constant rate of 10 °C per minute over the temperature range -35 °C to 60 °C. The same phases 
were observed in both samples with transitions through the phases Lβ + ice, Lα + ice, Lα and HII  
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upon heating. The inclusion of glucose within the system changed the phase transition 
temperatures, however had little effect on the dimensions of the unit cell of each phase. 
The identification of the Lβ phase at the lowest temperatures is by the spacing of the low q Bragg 
peaks combined with a sharp peak in the high q region indicating the presence of ordered 
hydrocarbon tails. The relative intensities of Bragg peaks change with the formation or melting of 
ice within the lipid phase (Sanderson et al., 1993). In this case, the relatively high intensities of the 
second and third peaks, combined with the temperature of the system, indicate the  presence of ice 
in the Lβ phase. The ice remains in the system during the transition to the Lα phase upon warming 
to -2.0 °C (water) or -2.3 °C (glucose/water). This is accompanied by a reduction in the bilayer 
repeat spacing as the lipid hydrocarbon chains melt, the disappearance of the sharp peak in the high 
q region as the lateral movement of the lipids increases, a reduction in the intensities of the 2nd and 
3rd Bragg peaks, and a large peak in the DSC trace (Figure 6.4). Further heating melts the ice 
resulting in a small increase in the bilayer d spacing, an increase in the intensities of the second and 
third Bragg peaks (the presence of ice has the opposite effect on these peaks in the Lα phase), and a 
second large peak in the DSC trace. This occurs at 5.4 °C for the lipid/water system and 4.8 °C for 
the lipid/glucose/water system. 
Further heating results in a transition to the HII phase for both samples. For the lipid/water system, 
there is a small peak at 14.0 °C in the DSC trace corresponding to this transition. The presence of 
glucose induces formation of this phase at a lower temperature, so that the Lα – HII DSC peak and 
the ice melting peak overlap at 4.8 °C and are not individually resolvable. The SAXS data for this 
system shows coexistence of the Lα and HII phases over a limited temperature range at 
temperatures immediately above the ice meting point, with the Lα phase Bragg peaks losing 
intensity upon warming. 
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Figure 6.2. SAXS temperature scan of DOPE/water sample as it is heated from  -35 °C (front) 
to 60 °C (back) at 10 °C per minute. The sample undergoes a Lβ-Lα transition then a Lα-HII 
transition. Scans are vertically offset for clarity. 
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Figure 6.3. SAXS temperature scan of DOPE/glucose water sample from -35 °C (front) to 60 
°C (back) at 10 °C per minute. The sample undergoes the same transitions as the DOPE/water 
sample. The Lα phase exists over a narrower range of temperatures than the equivalent sample 
without glucose. Scans are vertically offset for clarity. 
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Figure 6.4. Detail of the DSC traces recorded simultaneously with the SAXS/WAXS scans in 
the previous figures. The lipid system (red solid line) shows an Lβ – Lα transition peak at -2.0 
°C, an ice melting peak at 5.4 °C, and an Lα – HII transition peak at 14.5 °C. The 
lipid/glucose system (blue dashed line) shows an Lβ – Lα transition peak at -2.3 °C, and a 
single peak at 4.8 °C corresponding to ice melting. The Lα – HII transition is hidden by the 
ice melting peak. 
The partitioning of glucose using contrast variation SANS was investigated at -15 °C, 25 °C and 45 
°C on Quokka, the SANS instrument at ANSTO, Lucas Heights. This presents the opportunity to 
investigate the partitioning of sugar in a lipid system over two different lipid phases (HII and Lβ) as 
well as the same phase but at different temperatures (25 °C and 45 °C in the HII phase). The above 
SAXS results were for systems using H2O as the solvent. The SANS experiments require systems 
with varying ratios of H2O:D2O as the solvent. While D2O has been shown to slightly raise phase 
transition temperatures of phospholipids (Simon et al., 1975), this effect is insignificant at the 
temperatures studied here. 
  117 
 
6.3 HII phase 
6.3.1 25 °C  
Static temperature SAXS measurements were taken at each temperature studied by SANS. At 25 
°C, up to ten low angle Bragg reflections of the HII phase were visible for the lipid/water sample 
(Figure 6.5 top). The lipid/glucose/water (Figure 6.5 bottom) sample showed similar scattering 
behaviour albeit with a broadening of the Bragg peaks, so that only the first seven Bragg peaks were 
resolvable. The d spacing of the lipid/water sample (72.6 Å) decreased slightly when glucose was 
present (72.4 Å), though were essentially identical within errors. 
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Figure 6.5. SAXS measurements at 25 °C for the lipid/water system (top) 
and the lipid/glucose/water system (bottom). 
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Electron density profiles reconstructed from static temperature SAXS measurements provide 
internal dimensions of each phase. In particular, the lipid volume fraction in each phase is required 
in the SANS analysis. This is distinct from the global lipid volume fraction, fixed at ΦL = 0.5 for all 
samples, which is relative to the entire system of coexisting microphases (This notation is followed 
throughout this chapter: capital phi (Φ) for global volume fractions, lower case psi (ψ) for the 
volume fraction in a microphase, and the prime symbol indicates the excess microphase). For a 
system in the HII phase, this value can be found by determining the area fraction of the lipids in the 
two-dimensional HII Wigner-Seitz cell, with the maximum in the electron density chosen as the 
water/lipid boundary (Luzzati boundary). The primary drawback of this method is a truncation 
error due to a limited number of SAXS peaks which leads to an underestimation of the water core 
radius (Rw). However, provided more than 5 peaks are used in the electron density reconstruction 
there is little change in the position of the Luzzati boundary, and Rw can be determined accurately 
to within 0.5 Å (Rappolt et al., 2003; Turner and Gruner, 1992). The first seven peaks of the HII 
phase were used for both systems in this study. 
Gravimetric measurements by Tate et al. (Tate and Gruner, 1989) of the DOPE/water system 
found RW in fully hydrated DOPE HII systems to be 21 Å at 25 °C (Tate and Gruner, 1989). This 
value was used in my original published analysis (Kent et al., 2010), due to low resolution of the 
available SAXS data at that time. The higher resolution and greater number of the synchrotron 
SAXS peaks since measured gives greater confidence in the determination of this value (20 Å at 25 
°C ) from the reconstructed electron densities, and these values are used here.  
Intensities of each Bragg peak were determined by Gaussians fits. Each peak was corrected for 
multiplicity, multiplied by a Lorentz correction factor and normalised as described in Chapter 2. 
The phasing used for the form factors was +- - + + + + for the lipid/water sample as determined 
by Harper et. al. (2001).  This has consistently been the phasing of choice for the HII lipid phase, 
and gave the most physical result for the lipid/water system. For the lipid/glucose/water system, 
the same phasing produced a similar profile, albeit with a small peak in the centre of the water core. 
This effect, was most pronounced at 45 °C. By changing the phasing to + - - + + + -, this peak was 
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eliminated while having negligible effect on the rest of the profile (see Figure 6.6). This phasing was 
used in the final analysis. 
  
Figure 6.6. Comparison of form factor phasing for the lipid/glucose/water 
system at 45 °C. Shown are the phasing used in the final analysis for this 
system +--+++- (left), compared with +--++++ (right) (equivalent to the 
phasing ued for the lipid/water system). The phasing on the right results in 
a small peak in the centre of the water core. 
 The electron density profiles determined for each system using this phasing are shown in Figure 
6.7. They are essentially identical – the presence of glucose reducing the radius of the water core 
from 20 ± 0.5 Å to 19 ± 0.5 Å (note that regardless of which phasing was chosen, the two internal 
dimensions of the phases were almost identical).  
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Figure 6.7. Electron density profiles of the lipid/water system (left) and 
the lipid/glucose/water system (right) at 25 °C .  
 
These radii give a lipid volume fraction in the HII phase of ψL = 0.725 for the lipid/water system, 
increasing to ψL = 0.75 for the lipid/glucose/water system. Both these values are significantly 
above the global lipid volume fraction of Ф = 0.5, meaning some of the solvent in each system is 
excluded into a coexisting excess solvent phase. The volume fraction of the HII phase relative to the 
total sample (ν) can be calculated from these values: 
 
L
L
ψ
Φ
=ν  (6.1) 
With the addition of glucose, ν increases from 0.67 to 0.69. The complement of ν, the volume 
fraction of the excess solvent phase, decreases accordingly from 0.33 to 0.31. 
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6.3.2 45 °C  
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Figure 6.8. SAXS pattern DOPE/glucose/water sample at 45 °C (left) and 
its reconstructed electron density profile (right). Phasing of form factors 
was +--++++- which gave results consistent with those at 25 °C. 
Heating DOPE increases the spontaneous curvature of the lipids (Tate and Gruner, 1989). 
Increasing the temperature of the DOPE/glucose/water system temperature to 45 °C sees this 
effect with a reduction in Rw to 15 Å and a corresponding decrease in the d spacing from 72.4 Å to 
67.8 Å. At these dimensions, the smaller radius of the water cores increases the lipid volume 
fraction in the HII phase to 0.822, resulting in a greater exclusion of solvent from the HII phase than 
at 25 °C, so that the volume fraction of the HII phase relative to the total system decreases to 0.608. 
SAXS measurements of the DOPE/water system showed anomalous results, probably due to a 
leak in the sample cell. However, as phase dimensions of this system are not required in the analysis 
of SANS data, these results were disregarded. 
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HII 
plane 
Lipid/water 
25 °C 
Lipid/glucose/water 
25 °C 
Lipid/glucose/water 
45 °C 
(1,0) 1 1 1 
(1,1) 0.7819 0.6225 0.4889 
(2,0) 0.5717 0.5305 0.3694  
(2,1) 0.1305 0.0782 0.0418 
(3,0) 0.1547 0.1101 0.0757 
(2,2) 0.1251 0.0891 0.105 
(3,1) 0.1038 0.0645 0.0686 
Table 6.2. Form factors for electron density reconstructions of each 
system. Form factors for each system are normalised to the first Bragg 
peak. 
 
  
6.4 SANS results 
6.4.1 25 °C Measurements 
SANS scattering results for the lipid/water and lipid/glucose/water systems are shown in Figure 
6.9  on double logarithmic plots. Similar SANS curves are observed for both systems, with a change 
in the contrast match point (i.e. minimum scattering occurs at a different D2O/H2O ratio). The 
peak at q = 0.1 Å-1 corresponds to the (1,0) Bragg reflection observed in the SAXS experiments. 
The aim of contrast variation in this case is to obtain the scattering length density of the solvent in 
the HII phase with sugar, and thereby obtain the amount of sugar. In classical contrast variation this 
is done by plotting [I(0)]1/2 vs contrast and determining the “match point” at which [I(0)]1/2 = 0 
(Stuhrmann and Kirste, 1967). We do not measure I(0) directly. However, a similar analysis can be 
conducted by plotting [I(q)]1/2 vs contrast, which is valid as long as the match point is independent 
of q (Demé and Zemb, 2000).  
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Figure 6.9. SANS curves of lipid/water (left) and lipid/glucose/water 
(right) for different D2O/H2O ratios at 25 °C.  
To extract the contrast match point, the square root of the intensity is plotted against the 
D2O/H2O ratio for several values of q in the small angle region (q < 0.01 Å
-1), as shown in Figure 
6.10. Contrast match points are determined from lines of best fit to the data. In both cases the 
contrast match points are independent of q, negating the need to extrapolate to I(0). This yields 
values for the CMP of ΦD2O=0.152 and ΦD2O=0.06 for the lipid/water and lipid/glucose/water 
samples respectively. Using the known scattering length densities (SLDs) for D2O (6.32 × 10
-6 Å-2) 
and H2O (-0.56 × 10
6 Å-2), this gives SLDs of  4.96x10-7 Å-2 and -1.43x10-7 Å-2 respectively. These, 
along with the other quantities used in the analysis, are summarized in Table 6.1 on page 125. The 
SLD of glucose-d7 can be calculated from the known cross sections of its individual atoms (Sears, 
1992). When glucose is dissolved in water, it is necessary to account for any exchange of hydrogens 
and deuteriums between glucose and the water. This will depend on the constitution of the water. 
At the contrast match point for lipid/glucose/water system, the water consists of a D2O volume 
fraction of 0.092. When equilibrated at a concentration of 0.08 by volume in water with this 
composition, the SLD of glucose-d7 is calculated to be 5.74x10
-6 Å-2. Solving for the local sugar 
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volume fractions (Equations 2.29 - 2.31 in Chapter 2) reveals ψS = 0.013 and ψ’S = 0.094. More 
instructive are the concentrations of glucose (by volume) in each microphase, readily calculated 
from the volume fractions: 
  c           c
Ws
s
Ws ψ′+ψ′
ψ′
=′
ψ+ψ
ψ
=  (6.2) 
From a global glucose concentration of 0.08, the glucose is partitioned unequally so that its 
concentration in the excess microphase (c’=0.094) is close to twice its concentration in the HII 
water channels (c=0.051). This is in line with previous studies which show partial exclusion of 
sugars from lipid lamellar phases (Bryant and Koster, 2004; Demé and Zemb, 2000; Koster et al., 
2003; Lenne et al., 2006; Pincet et al., 1994). The partition coefficient of c/c’=0.54 is similar to the 
value of 0.5 found for DMPC bilayers (Westh, 2008) despite the different arrangement of the lipids. 
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Figure 6.10. Square root of intensity vs volume fraction of D2O for several values of q in the small angle region at 
25 °C. Shown are every second curve for q values from q = 3.685×10-3 Å-1 to q = 0.01 Å-1. The q independent 
contrast match points can be clearly seen for the lipid/water system (left) and the lipid//glucose/water system 
(right). Error bars are shown for q = 3.685×10-3 Å-1. 
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Clearly these results show that the glucose is partially excluded from the water channels in the HII 
phase. The concentration remaining in the lipid phase corresponds to 0.11 glucose molecules per 
lipid (or 9 lipids per glucose molecule).  
 
 -15 °C 25 °C 45 °C  
Quantity Lipid/ 
Water/ 
Glucose 
system 
Lipid/ 
Water 
system 
Lipid/ 
Water/ 
Glucose 
system 
Lipid/ 
Water 
system 
Lipid/ 
Water/ 
Glucose 
system 
Lipid/ 
Water 
system 
Comment 
ΦL 0.5 0.5 0.5 0.5 0.5 0.5 Sample prep 
ΦS 0.04 -- 0.04 -- 0.04 -- Sample prep 
ΦW 0.46 0.5 .46 0.5 .46 0.5 Sample prep 
CMP 
(v.f. D2O) 
0.138 0.152 0.06 0.152 0.079 0.149  
SLD @ 
CMP  
3.66x10-7 
Å-2 
4.56x10-7 
Å-2 
-1.43x10-7 
Å-2 
4.96x10-7 
Å-2 
1.10-8 Å-2 
 
4.7610-7 
Å-2 
 
 
ψL 0.789 0.786 0.750 0.725 0.822  Electron Density 
Profiles 
ψS 0.035 -- 0.013 -- 0.013 --  
ψW 0.175 0.214 0.237 
 
0.275 0.165   
ψ'S 0.048 -- 0.094 -- 0.082 --  
ψ'W 0.952 1 0.906 
 
1 0.918 1  
ν 0.633 0.636 0.69 0.667 0.608   
nw/nl 9.0 11.1 12.8 15.4 6.1   
ns/nl 0.29 -- 0.11 -- .07 --  
c 0.167 -- 0.051 -- 0.072 --  
c' 0.048 -- 0.094 -- 0.082 --  
Rw -- -- 19 Å 20 Å 15 Å   
Water 
thickness 
11.9 11.7 -- -- --   
VDOPE 1228 Å
3 Reference 
(Rand and 
Fuller, 1994) 
VH2O 30 Å
3 (McIntosh and 
Simon, 1986) 
Vglucose 186.5 Å
3 Reference 
(Kiyosawa, 
1988) 
Table 6.1. Quantities used in or calculated from the analysis. See text for definitions. 
  126 
6.4.2 45 °C Measurements 
At 45 °C, both systems show similar SANS scattering behaviour (Figure 6.11). 
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Figure 6.11. SANS curves of lipid/water (left) and lipid/glucose/water 
(right) for different D2O/H2O ratios at 45 °C. 
The increase in temperature from 25 °C decreases the difference between the two contrast match 
points, so that the D2O volume fractions at the CMPs are 0.149 for the lipid/water system and 
0.079 for the lipid/glucose/water system (Figure 6.12). Solving for the glucose volume fractions 
yields ψL = 0.013 in the HII phase and ψ’S = 0.082 in the excess microphase. The glucose 
concentrations (c=0.072 and c'=0.082) reveal that while glucose is unequally partitioned at this 
temperature, the effect is less pronounced than at 25 °C, demonstrating a temperature dependence 
of sugar exclusion from the HII phase.  
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Figure 6.12. Square root of intensity vs volume fraction of D2O for q values from q = 3.685×10-3 
Å-1 to q = 0.01 Å-1 at 45 °C. The q independent contrast match points can be clearly seen for the 
lipid/water system (left) and the lipid/glucose/water system (right). Error bars are shown for q = 
3.685×10-3 Å-1. 
 
Studies of lamellar phases formed by phosphatidylcholine (PC) lipid model systems show that 
sugars are excluded from the region near the lipid/water interface (Demé and Zemb, 2000; Pincet 
et al., 1994; Westh, 2008) (the hydration layer). While the results here do not provide direct 
evidence of this, the similarity of the glucose partitioning between the DOPE system studied here 
and the PC systems in the literature strongly suggests that a hydration layer also exists in this 
system. In the case of the HII phase, this would imply that the glucose molecules are in the centre of 
the core (on average). Thus it is unlikely that the change in the phase behaviour of the 
DOPE/water system due to the presence of the glucose can be attributed to direct interaction 
between the glucose molecules and the lipid polar headgroups. 
Assuming the concentration of sugar at the centre of the water core is the same as the 
concentration of the sugar in the aqueous phase, and knowing the HII geometry, the depth of the 
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hydration layer can be estimated. In this scenario, the overall sugar concentration in the HII phase 
(c=0.051) is split into a hydration layer of pure water adjacent to the lipid headgroups of depth ~5.0 
Å and a cylinder of radius ~14.0 Å of sugar solution along the centre axis of the HII water channel 
with a sugar concentration c=0.094. While in reality, no such discontinuity in concentration exists, 
it is apparent from the size of the glucose molecules rg = 3.5 Å (approximating as a sphere) that this 
hydration layer depth is plausible. Knowing the area per lipid at the lipid/water interface (48 Å2 
(Tate and Gruner, 1989)) there are about 12.8 water molecules in the hydration layer per lipid. 
The existence of the hydration layer would therefore restrict the concentration of sugar in the HII 
phase relative to the excess solvent. Differences in solute concentrations create osmotic gradients, 
which in this case acts to remove water from the HII phase. Increasing the overall sugar 
concentration in the system would therefore be expected to create a larger osmotic difference 
between the HII phase and the excess solvent and reduce the d spacing of the HII phase. The 
osmotic pressure difference in the systems studied here is too small to have an effect on the 
structural parameters of the HII phase (1.05 MPa in the HII phase and 2.74 MPa in the excess 
solution (Kiyosawa, 1988)), though a small decrease in the d spacing is observed, However 
Tenchov et. al. (1996) demonstrated this dehydrative behaviour in DHPE/water/sucrose systems. 
6.5 Lβ phase -15 °C  
The gel bilayer phase at -15 °C represents a major change compared to the HII phase at 25 °C and 
45 °C – the lipids are rearranged in bilayers and their hydrocarbon chains become frozen. In 
addition to a change in lipid arrangement and the fluidity of the hydrocarbon chains, the low 
temperature induces the formation of ice in the solvent. These features are indicated by the SAXS 
scattering profiles in Figure 6.13 – equidistant Bragg peaks, a sharp peak in the wide angle region 
due to limited lateral movement of the lipids, and relative intensities of the Bragg peaks consistent 
with the presence of ice in both samples. The primary change at -15 °C with the inclusion of 
glucose is a broadening of the Bragg peaks, attributed to a softening of bilayers (an increase in 
bilayer flexibility and lattice disorder (Milhaud, 2004)) due to sugar (Demé and Zemb, 2000), and a 
small increase in the d spacing from 54.4 Å to 56.5 Å. 
 
  129 
 
102
103
104
105
In
te
n
si
ty
 
(a.
u
.
)
1.61.41.21.00.80.60.40.2
q (Å-1)  
Figure 6.13. SAXS results for lipid/water (green) and lipid/glucose/water 
(red) at -15 °C. These are taken from the DSC/SAXS runs. 
The lipid volume fraction of bilayer phases can be determined from the length fraction of the 
bilayer thickness relative to the repeat spacing of the bilayers. Figure 6.14 shows the electron 
density profiles reconstructed from the first four Bragg peaks of the SAXS measurements at -15 °C. 
Phasing of the peaks was --+-. Regardless of the peak broadening due to the presence of glucose, 
the electron density profiles showed little difference between the two samples. A slightly thicker 
bilayer in the lipid/glucose/water sample (44.6 Å) compared with the lipid/water sample (42.7 Å) 
shows that the water layer between the bilayers remains constant within errors with the addition of 
glucose. The small change in bilayer thickness could be ascribed to an increase in the accessible 
volume of the unsaturated hydrocarbon chains. Neutron studies have indicated that, at least to the 
point at which the hydration shells of the lipids is filled, increases in thermal motion as hydration 
increases leads to a greater volume accessible to unsaturated lipid chains (Hristova and White, 
1998). 
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Figure 6.14. Electron density profile of the DOPE Lβ phase (red dotted 
line) and the DOPE/glucose Lβ phase (green solid line) -15 °C.  
6.5.1  SANS -15 °C  
The SANS scattering results at -15 °C show a different scattering behaviour of the bilayer phase 
compared to the HII phase, with three peaks visible in both samples at higher q values (Figure 6.15). 
The 60% D2O sample for the lipid/water system shows higher intensities, and therefore more 
contrast, than the 80% D2O sample. This is inconsistent with scattering behaviour for all other 
samples, including the lipid/glucose/water system at -15 °C. When plotted as the square root of 
intensity versus D2O volume fraction to determine the contrast match point, this anomaly is readily 
apparent (Figure 6.16).  
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Figure 6.15. SANS curves for lipid/water (left) and lipid/water/glucose 
(right) for different D2O-H2O ratios at -15 °C. 
The reasons for this outlier are unclear. A possible explanation could be qualitatively different ice 
formation to the other samples, however a similar outlier was recorded at 25 °C for the lipid/water 
sample at NIST (Appendix A). In that case, later measurements at ANSTO determined that the 
outlier was inaccurate and was disregarded. Disregarding the 60% D2O sample at -15 °C reveals 
excellent consistency between the other samples (Figure 6.17), leading to its omission from the final 
analysis.  
The contrast match points at -15 °C are at D2O volume fractions of 0.152 (lipid/water) and 0.138 
(lipid/glucose/water) (Figure 6.17). The corresponding scattering length densities of these volume 
fractions is found after taking into account the changes in the density and scattering length density 
of water upon freezing. Thus although the D2O volume fraction at the contrast match point for the 
lipid/water system at -15 °C is the same as for this system at 25 °C (0.152), the corresponding 
scattering length density is slightly lower at 4.56 x 10-7 Å-2 (compared to 4.96 x 10-7 Å-2 at 25 °C). 
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The prominent change from the higher temperatures however, is the relatively large increase in the 
contrast match point of the  lipid/glucose/water system following cooling to -15 °C.  
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Figure 6.16. -15 °C square root of intensity vs volume fraction of D2O for 
several values of q in the small angle region. DOPC sample (left), 
DOPC+Glucose sample (right) The contrast match point for the glucose 
sample is 13.8% D2O. Lines are guides to the eye. 
This increase appears to be due to qualitatively different glucose partitioning, which, in contrast 
with the higher temperature systems, results in a much higher glucose concentration in the Lβ phase 
(c = 0.167) than in the excess solvent microphase (c' = 0.048). This is markedly different behaviour 
to all other studies of sugar partitioning in lipid systems, including bilayer systems (Bryant and 
Koster, 2004; Demé and Zemb, 2000; Koster et al., 2003; Lenne et al., 2006; Pincet et al., 1994; 
Westh, 2008). 
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Figure 6.17. Square root of intensity vs D2O volume fraction at -15 °C. 
The DOPC sample 60% D2O data points have been removed. CMP = 
0.152 +/- 0.3 (lipid/water system – left) and CMP = 0.138 +/- 0.3 
(lipid/water/glucose system – right) as determined from lines of best fit. 
The likely explanation is due to the presence of ice. The partition coefficient for solutes is very low 
in ice (ie when ice forms it is very pure), leading to exclusion of the sugar from the ice, effectively 
creating a third microphase. While the SAXS results indicate ice is present throughout the system – 
including between opposing bilayers, the stochastic process of nucleation would lead to a higher 
probability of initial ice formation in the larger volume excess solvent, which accounts for 73.4% of 
the solvent compared to 26.6% between the bilayers. Compounding this is evidence of ice 
suppression in confined regions with dimensions of the order of the water layer thickness of 11.9 Å 
(Liu et al., 2007). Thus ice formation would almost always begin in the excess solvent in lipid 
systems above excess hydration. Following initial nucleation, glucose would then be progressively 
excluded from the excess solvent microphase as the ice crystals grow. The system would now 
consist of the membrane microphase, the ice microphase, and a concentrated aqueous microphase 
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in equilibrium with the ice. The freezing point depression equation relates the temperature below 
freezing with the concentration of a solute:  
 m86.1T =∆  (6.3) 
where m is the molality. While this equation applies to dilute systems, a back of the envelope 
calculation can provide a first order approximation for non-polar solutes (Fullerton et al., 1994). 
This shows that at -15°C the molality of sugar in the unfrozen fraction would be ~8 mol/kg, which 
corresponds to a sugar volume concentration of order ~0.5 – far higher than when ice was not 
present (overall sugar volume concentration = 0.08). This would clearly create an osmotic gradient 
which would increase the sugar concentrate between the membranes. 
It should be pointed out that the time scale of freezing has a large effect on lipid membrane 
behaviour (and indeed, this may explain the anomalous results for the 60% D2O sample). Thus 
while results here are consistent, further investigation is necessary to fully understand the effect of 
ice formation on the partitioning of sugar among lipid system microphases. 
6.6 Conclusions 
The combined use of SAXS and SANS to investigate the interaction of glucose and DOPE at 
excess hydration yields some interesting results. While having negligible effect on the structure of 
each phase, glucose suppresses the Lα phase to a narrower temperature range, in which it coexists 
with the HII phase. At 25 °C and 45 °C, glucose is incorporated into the DOPE HII phase at a 
lower concentration than in the surrounding excess solvent. This exclusion is consistent with the 
existence of a hydration layer of pure water adjacent to the lipid headgroups in the HII phase from 
which the glucose molecules are excluded, supporting evidence that the lipid headgroups prefer to 
associate with water over glucose molecules.  
It should be noted that this inference does not suggest that the sugar molecules are fixed in the 
centres of the cores, never moving and never entering the hydration layer. Diffusion of water and 
sugar is rapid, and is happening all the time. At any instant in time there will be some sugar 
molecules near the lipid head groups, transiently H-bonding to the head groups before diffusing 
away again - no molecule, be they water or sugar, will stay in one place for long. The results 
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presented here imply that if one takes a snap shot at a particular time, the majority of the sugar 
molecules will be at or near the centre of the core - in other words a sugar density profile averaged 
over time, would have a peak in the centre, and drop to a low (but probably non-zero) value near 
the headgroups. 
At -15 °C, markedly different behaviour is observed, with a substantially higher concentration of 
glucose in the water layer between the bilayers than in the excess solvent, which is attributable to 
ice formation excluding glucose from the excess solvent. The results however are a significant 
departure from previous studies of glucose partitioning (Demé and Zemb, 2000; Lenne et al., 2006) 
and worthy of further investigation . 
A consequence of the glucose concentration imbalance is the formation of an osmotic gradient 
between the lipid phase and the excess solvent which acts to remove water from the phase with the 
lower glucose concentration. While the d spacing of each phase showed little change upon the 
addition of glucose, the changes that occurred were all consistent with this effect. A weak 
dehydrative effect of the high external glucose concentration on the HII phase is one factor that 
could contribute to the promotion of the HII phase, with its smaller area per lipid, over the Lα phase 
when glucose is added to the system. 
These results highlight the complexity of the elucidation of the mechanisms with which sugars act 
as protectants against dehydration in natural organisms. In particular, the results show that the 
location of solutes in lipid membrane systems during freezing events could be qualitatively different 
to those during desiccation. However, the rate of freezing is a significant factor in the type and 
degree of membrane damage. There is no evidence that sugars would locate in the same way during 
a slow freezing event. Further data over a range of time scales and temperatures is needed to fully 
characterise the partitioning of sugars during freezing. During the final stages of writing this thesis, 
Andersen, Wang et al. (2011) proposed that sugar exclusion from lipid membrane phases is 
dependent on the sugar concentration. They found that sugars accumulate at the membrane 
interface at low concentrations. Above a limiting concentration (~0.2 M), sugar becomes excluded 
from the membrane interface, with this effect dominating at higher concentrations. The results in 
this chapter from samples with a higher sugar concentration (0.69) are in accordance with this idea. 
  136 
In particular, this is consistent with the inference that the glucose is (on average) in the centre of 
the water cores. 
Dehydration induced transitions, such as the Lα – HII bilayer to non-bilayer transition, can destroy 
the semi-permeability of the cell membrane and are thus potentially lethal to cells. So the preference 
of the glucose system for the formation of the HII phase over the bilayer Lα phase sits in contrast 
with the observed ability of sugars to prevent damage to biological cells during dehydration. The 
preference for the HII  phase occurs in spite of the fact that most of the sugar is excluded from the 
HII phase in a manner which suggests no direct involvement between the sugar and the lipids. 
Instead, with the hydration layer of pure water separating the lipid headgroups from the sugar 
molecules, non-specific properties of the sugar such as volumetric and osmotic effects during 
dehydration seem to be of greater significance.  
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C h a p t e r  7    
MEMBRANE DIFFRACTION 
7.1 Introduction 
The location of sugars in lipid membrane systems is essential information in the development of a 
membrane protection model. Small angle neutron scattering goes some way towards providing this 
information with low resolution localisation of sugar molecules existing (on average) near the 
central long axis of the HII aqueous core, or in the case of fluid lamellar bilayers, near the centre of 
the aqueous layer. The net effect is a comparatively lower sugar concentration in the lipid phases 
than in coexisting excess solvent phases. These results are inconsistent with the water replacement 
hypothesis which describes incorporation of sugar within lipid headgroups as a means for 
preventing a reduction in the area per lipid. However, there is a need for higher resolution 
information on the location of the sugars in lipid membrane systems to fully understand their 
membrane protective effects. Membrane diffraction provides a means to test this hypothesis and to 
establish from experimental evidence the interaction between sugars and lipid headgroups. 
Membrane diffraction provides high resolution information on the scattering length density profile 
of lamellar phases in the direction normal to the plane of the bilayer (Tristram-Nagle et al., 2002). 
Reconstructing the electron density profile from x-ray membrane diffraction data for a lipid bilayer 
system with and without an introduced molecule can yield information establishing the nature of 
the interactions between the lipid bilayer and the molecule. Membrane diffraction benefits from 
highly aligned lipid bilayers. While multilamellar suspensions may be used, measurements 
comparing these samples with aligned samples have shown that aligned samples yield Bragg peaks 
to higher orders, greatly enhancing the accuracy of reconstructed scattering density profiles 
(Tristram-Nagle et al., 2002). Unlike the powder-like samples used in the SAXS and SANS studies 
of the previous chapters, this involves using substrate supported samples in which lipid bilayers self 
assemble epitaxially with the substrate. Accordingly, DOPC was chosen as the lipid system to study 
as this exists in a stable fluid lamellar phase (Lα) with and without glucose over a large range of 
experimentally accessible temperatures and hydrations. It also demonstrates the applicability of the 
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technique to lipid membrane systems and provides a first order approximation for biological 
cellular systems in which the PC headgroup is particularly prevalent. 
This chapter presents results from an x-ray membrane diffraction study of the 
DOPC/water/glucose system. While this system does not undergo transitions to non-bilayer 
phases, similar degrees of sugar exclusion have been shown to occur between bilayer and non-
bilayer systems under similar conditions. Two sample preparation methods are compared and 
evaluated, and the relevance of these results to the investigation of the role of sugars in dehydration 
and freezing damage is discussed. Information from these experiments is intended to be applied in 
the design of future neutron membrane diffraction experiments. 
7.2 Experimental Methods 
Membrane diffraction experiments were performed on the x-ray reflectometer at ANSTO, a 
Panalytical X'Pert Pro with a sealed Cu source with parallel beam optics and a Xe scintillator point 
detector (Figure 7.1).  
 
Figure 7.1. The X'Pert Pro x-ray reflectometer at ANSTO. 
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Incident radiation was unfiltered with Cu kα1,  kα2 and kβ x-rays all present in the beam, with 
wavelengths as shown in Table 7.1. This can result in multiple peaks present for each Bragg 
reflection but in practice, these are easily accounted for due to their respective locations. The kα 
peaks are not themselves individually resolvable due to the small difference in their wavelengths. 
The kβ peaks show up as lower intensity peaks at a lower q value than the kα peaks. 
X-ray radiation Wavelength (Å) Relative Intensity 
kα1 1.54060 
kα2 1.54443 
7.5 
kβ 1.39217 1 
 Table 7.1. Wavelengths and relative intensities of the incident x-ray beam. 
The lines kα1 and kα2 are combined as one relative intensity due to their 
similar wavelengths preventing them from being resolved individually. 
The experimental setup is shown in Figure 7.2. Samples were placed in a horizontal position within 
a sealed box with kapton windows. Open containers of (saturated) K2SO4 solution were added to 
the box to control humidity (RH = 97% ± 2% @ 30 °C) and maintain a constant sample hydration 
during measurement. Temperature (30 °C) was monitored but not controlled.  
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Figure 7.2. Schematic of sample environment and scattering geometry. 
Membrane diffraction consists of directing an x-ray beam into a membrane bilayer sample at a 
small angle Ω to the plane of the bilayers. A detector records the diffracted intensity at angle 2θ to 
the incident beam. Specular measurements (2θ = 2Ω) were used to determine the location and 
intensity of the Bragg peaks. Off-specular (2θ ≠ 2Ω) rocking scans were employed to quantify the 
mosaic spread of the samples – a measure of the degree of alignment and order of the bilayers. The 
experimental parameters are summarized in Table 7.2.  
 
Parameter Value 
Scan range (Ω) 0.6 – 10.512° 
Scan step size 0.004° 
No. of points 2478 
Time per step 2 s 
Table 7.2. Typical measurement parameters for a specular diffraction scan. 
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7.3 Sample preparation 
The preparation of highly aligned substrate supported lipid bilayers is integral to the success of 
membrane diffraction of aligned samples (Smith et al., 1988). Samples must be free of 
inhomogeneities and well mixed, particularly in the case of samples with introduced molecules. This 
is best achieved by dissolving the samples in a solvent, depositing the solution on a substrate and 
evaporating off the solvent. The remaining film is then rehydrated in an atmosphere of known 
relative humidity (97% RH), allowing the lipids to self assemble into their equilibrium phase at high 
hydration. Following equilibration, there are about 18 water molecules per lipid. The main challenge 
in preparing samples containing lipids and sugars is to find a suitable solvent that can dissolve both 
lipids and sugars while providing a final solution suitable for deposition onto a substrate. Best 
results for DOPC/glucose samples were obtained by dissolving DOPC in chloroform and glucose 
in methanol, with the final solution having a chloroform/methanol ratio of 2.5:1. This provides a 
suitable mix of hydrophobicity and amphipathicity which can dissolve the sample while providing a 
suitable contact angle with the substrate. 
Samples were made with pure DOPC and DOPC/glucose at a 2:1 molar ratio. DOPC was 
measured out by weight and dissolved in chloroform. For pure DOPC samples methanol was 
added to the solution so that the chloroform/methanol volume ratio was 2.5:1 and the lipid 
concentration was 20 mg/ml. For DOPC/glucose samples, glucose was first dissolved in methanol 
with the aid of a sonicator. This glucose/methanol solution was then added to the 
DOPC/chloroform solution. The sugar concentration in methanol was set so that the final 
DOPC:glucose molar ratio was 2:1, the chloroform/methanol ratio was 2.5:1 and the sample 
concentration was 20 mg/ml. Quartz microscope slides were used as substrates. These were 
cleaned in an acid solution then rinsed thoroughly with distilled water. 
Two methods of depositing the sample solution onto substrates were attempted and assessed. 
• Airbrush method (Dennison et al., 2005). Aliquots of the sample solution were placed in an 
artist’s airbrush attached to a filtered compressed regulated air supply, and sprayed onto 
each slide. Samples were sprayed at a distance of approximately 10 cm so that the spray 
width was about equal to the width of the slide. The whole surface of the slide was sprayed. 
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• Rock and roll method (Tristram-Nagle, 2007). A few drops of the sample solution was 
pipetted onto a quartz slide. The quartz slide was then tilted in several directions so that the 
sample solution spread out over the greater part of the slide. This was performed in a large 
glove box (without gloves) to slow the solvent evaporation rate. 
 Sample quality was assessed in three ways: 
• A visual inspection was performed to determine consistency and the presence of 
inhomogeneities or impurities. Samples not deemed to be consistent and clean were 
rejected at this stage. 
• Select samples from each preparation method were observed under an optical microscope 
with and without crossed polarisers. Smooth, defect-free bilayers result in a cancellation of 
the cross polarised light, and are visible as dark areas when viewed through crossed 
polarisers, while defects are visible as bright areas. 
• A diffraction scan of each sample was performed and assessed by the peak height to 
background ratio, the shape of the Bragg peaks and the presence of any extra peaks due to 
inconsistent mixing. 
Samples prepared using the airbrush method were found to have better visual homogeneity as well 
as more well defined Bragg reflections in diffraction scans. For all data presented in this chapter, 
the airbrush method was the sole preparation method employed. Optical microscope images of 
samples prepared using this method showed largely smooth, homogeneous layers. Some areas of 
'pitting' were observed (see Figure 7.3 left), however these did not appear to affect the alignment of 
the bilayers as evidenced by the absence of bright regions when the same area was imaged through 
crossed polarisers (see Figure 7.3 right). Samples containing lipid and glucose were also found to be 
largely defect free. Some isolated instances of crystallisation was observed – presumably composed 
of glucose (Figure 7.4). However, defects causing bright regions in the crossed polariser images 
were rare, and both DOPC and DOPC/glucose samples produced diffraction scans with sharp, 
distinct Bragg reflections and low mosaic spreads consistent with highly aligned bilayers. 
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Figure 7.3. Optical microscope images of a DOPC sample prepared using 
the airbrush preparation method (left). The same sample area is shown 
with cross polariser added to the light path (right). 
 
Figure 7.4. Optical microscope image of a DOPC/glucose sample 
prepared using the airbrush method (left). An instance of crystallisation 
and a defect probably due to a dust speck show up as bright regions when 
the same area is observed with a cross polariser in the light path (right). 
Following spraying, the samples were placed under vacuum for at least 6 hours to evaporate the 
solvent. An indication of film thickness on the slide was achieved by weighing several samples and 
comparing this weight to that of the clean slides. Dehydrated samples varied in thickness according 
to spray time, with the median thickness being 5-6 µm, corresponding to ~1000-1300 bilayers. 
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 Sample 1 Sample 2 Sample 3 Unit 
Sample weight 0.8 1.0 0.3 mg 
Area per lipid 72 72 72 Å2 
Sample area 2 2 2 cm2 
DOPC MW 786.15 786.15 786.15 g mol-1 
Mol lipid 1.02 × 10-6 1.27 × 10-6 3.82 × 10-7 mol 
Mol per bilayer 9.23 × 10-10 9.23 × 10-10 9.23 × 10-10 mol 
Weight per bilayer 7.25 × 10-7 7.25 × 10-7 7.25 × 10-7 g 
Number of bilayers 1103 1379 414  
Bilayer Thickness 50 50 50 Å 
Film Thickness 5.5 6.9 2.1 µm 
Table 7.3. Typical parameters of membrane diffraction samples prepared 
using the airbrush sample preparation technique.  
Following evaporation of solvent, samples were hydrated over saturated K2SO4 solutions at room 
temperature. The K2SO4 solutions were agitated during this time using magnetic stirrer bars to 
maintain a consistent humidity in the chamber. In some cases, samples were equilibrated in the 
measurement chamber to enable measurement of the changes to the samples during hydration. 
Stirrers were not used in these cases.   
7.4 Results 
7.4.1 Sample Alignment 
Sample mosaic spreads were measured by rocking scans, in which the incident x-ray angle (Ω) is 
fixed on a Bragg peak and the angle of the detector is varied by half a degree each way about the 
corresponding 2θ value (specular reflection) for that peak. A Lorentzian curve is fitted to the data 
and the mosaic spread is defined as the full width half maximum (FWHM) of the fitted curve 
(Figure 7.5). FWHMs were less than 0.04° for first order CuKα Bragg peaks (Figure 7.6), which 
compares favourably with fully hydrated bilayers prepared using the rock and roll method 
(Tristram-Nagle, 2007). There is a systematic increase in the FWHM with increasing q value, 
however the presence of glucose had no observable effect on the FWHMs of the samples, as 
shown in Figure 7.6.  
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Figure 7.5. Rocking scan centred on the second Bragg peak of a hydrated 
DOPC sample (●). A lorentzian fit to the data with FWHM of 0.043° is 
also shown (black line). 
 
Figure 7.6. Rocking peak FWHM vs Bragg peak number for DOPC (■) 
and DOPC/glucose samples (●). There is no systematic variation between 
the FWHM values between the two sample types. 
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Figure 7.7 (left) shows a typical diffraction scan for a DOPC sample. The location of the kβ peaks 
are indicated. In general, the first 5 Bragg peaks were easily observable, with higher order peaks 
increasingly difficult to differentiate from the background noise. Bilayer d spacing was determined 
for each sample from the q values of the Bragg peaks. Figure 7.7 (right) shows the variation of d 
spacing versus time for DOPC and DOPC/glucose samples as they are hydrated over a saturated 
K2SO4 solution. Full equilibration was achieved for both types of samples after 12 hours.  
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Figure 7.7. Typical diffraction scan showing the first six Bragg peaks for a DOPC sample 
(red) and a DOPC/glucose sample (blue) (left). The peaks due to the kβ x-rays (indicated for 
the DOPC/glucose sample) are readily identified by their lower intensities and positions in 
relation to the main peaks. The figure of the right shows sample d spacing as determined 
from the location of the 1st Bragg reflection vs equilibration time for hydration scans of a 
DOPC sample (■) and a DOPC/glucose sample (●).  
Samples with glucose present were observed to have larger d spacings before (Figure 7.8) and after 
hydration (Figure 7.9). However, the difference in d spacing before hydration (0.7 Å) falls within 
the variation of ± 0.5 Å that was observed in the d spacing of samples of the same composition, 
and would require further data points to confirm this as a systematic trend. The variation in d 
spacing when fully hydrated is attributed to the high sensitivity of DOPC bilayer d spacing to small 
changes in hydration near full hydration. Above RH=94%, the structural parameters of DOPC 
bilayers begin to diverge, contributing to an abrupt rise in the d spacing as the relative humidity 
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approaches 100% (Caracciolo et al., 2007). At 100% relative humidty, specially designed sample 
chambers must be employed to successfully achieve full hydration of aligned samples(Katsaras, 
1998). Small changes in sample preparation, despite efforts to maintain consistency, are therefore 
likely to have a larger than normal influence on the d spacing at these hydrations. There is however 
a systematic difference in the d spacing between sample types following hydration. This difference 
is outside the range of uncertainty, with the mean d spacing increasing 2.7 Å with the inclusion of 
glucose. This increase is a sound indication that at least some of the glucose molecules are locating 
between bilayers as intended. Full exclusion of glucose from the bilayer phase would be expected to 
have either no effect, or a small dehydrative effect as discussed in Chapter 6.  
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Figure 7.8. Sample d spacings before hydration. The lipid sample has a smaller d 
spacing than the glucose samples, indicating that sugars are incorporated into the lipid 
bilayer phase, however further data points would be required to confirm this as a 
systematic trend. 
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Figure 7.9. Sample d spacing vs sample type following hydration at 97% relative 
humidity. Each data point represents an individually prepared sample. The DOPC 
samples (■) have a lower average d spacing than the DOPC/glucose (●) samples. The 
horizontal black lines represent the average d spacing for each sample type. 
7.4.2 Electron Densities 
Electron densities for each sample were reconstructed as described in Chapter 2. Form factor 
intensities were integrated using Gaussian fits following background subtraction. Phasing of form 
factors was achieved by use of the swelling method (Torbet and Wilkins, 1976). Several samples 
were hydrated in the reflectometer while diffraction scans were continuously run. Absolute values 
of the integrated form factor intensities were scaled to a common structure factor using the 
Blaurock scaling relation (Blaurock, 1971), then plotted against the scattering vector q (Figure 7.10). 
The first few diffraction scans following the start of hydration were omitted due to the large change 
in d spacing that occurs. Phasing of the form factors is then chosen so that the data points lie on 
the continuous curve T(q), as described in Chapter 2, with each change in sign of T(q) representing 
a change in sign of form factors. 
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Best results for the DOPC system were with the phasing - - + - +. In this case, data points agreed 
well with T(q) with the exception of the third order amplitudes, which showed less agreement at 
lower hydrations. This phasing however has been well established for hydrated DOPC bilayers 
(Caracciolo et al., 2007) and showed the best agreement here. At these hydrations, the 5th order 
form factor is close to the point at which T(q) changes sign (see Figure 7.10 insets). With the 
addition of glucose there is a small increase in d spacing, with a corresponding shift in the position 
of the 5th order form factor to a small q value – below the point at which T(q) changes sign. The 
final phasing of the lipid/glucose/water system was - - + - -. The change from + to – in the final 
phase was also observed (possibly coincidently) in chapter 6 for the powder samples upon the 
addition of glucose. Form factor phases were substantiated by calculating electron densities using 
similar phase combinations. The phases from the swelling method gave the most consistent results 
between samples of the same composition, and across sample types. 
Electron density profiles from x-ray membrane diffraction describe the electron density profile in 
the direction normal to the bilayer (z). The Blaurock scaling relation results in a relative arbitrary 
intensity scale. However, general trends in the electron densities and differences between samples 
can be identified and detected. Electron densities for several DOPC samples are shown in Figure 
7.11. The centre of the bilayer is defined as z = 0. The minimum at this point corresponds to the 
relatively low electron density of the terminal methyls of the hydrocarbon chains. Moving out from 
the centre, the small peaks at z= +/- 7 Å correspond to the double bond of the unsaturated lipid 
hydrocarbon chains, followed by the two main peaks which are the product of the high electron 
density of the phosphatidylcholine lipid headgroups. 
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Figure 7.10. Form factor points (data points) plotted with T(q) (black line). 
Pure DOPC sample (top) and DOPC:Glucose sample (bottom).  
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Figure 7.11. Electron density profiles for several DOPC samples. 
There is some variation between the DOPC samples, both in the bilayer region as well as the water 
layer, attributed to small differences in hydration between samples. The variation within the bilayer 
due to hydration is not unexpected, as the distribution of the terminal methyl groups and the 
unsaturated double bonds have both been shown to be susceptible to changes in hydration 
(Hristova and White, 1998; Wiener and White, 1992). The lowest electron density for each sample 
is in the centre of the water layer. This is in contrast to a published electron density profile of fully 
hydrated DOPC (Tristram-Nagle et al., 1998) in which the lowest electron density is positioned at 
the terminal methyl groups of the lipid hydrocarbon chains. There are differences in hydration and 
d spacing between these systems, however these are unlikely to fully explain this difference. A 
second explanation could be due to underestimation of the integrated intensity of the first Bragg 
peak. This peak needs to be deconvolved from the background intensity decay at low q. If the 
background intensity is overestimated, the consequential underestimation of the integrated intensity 
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of the first peak raises the calculated electron density of the centre of the bilayer relative to the 
calculated density of the water layer, while having negligible effect on the remaining features of the 
profile. This could introduce a systematic error into the profiles which could explain the differences 
between these results and the published data. However as all data was reduced with the same 
method, this would not explain differences between profiles within the set of results in this chapter. 
Equivalent electron density profiles are shown for two DOPC/glucose/water samples in Figure 
7.12. Similarly to the DOPC samples, there is some variation between samples. These samples are 
scaled using the Blaurock scaling method using a larger d0 than the DOPC samples, precluding 
quantitative comparisons. However, unlike the DOPC samples, the minimum electron densities of 
the aqueous layers (at z = ± 27 Å) are notably higher relative to the density of the terminal methyl 
groups. This change with the addition of glucose to the system occurs without qualitative changes 
to the width or shape of the lipid headgroup peaks in the profile.  
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Figure 7.12. Electron density profiles of two DOPC/glucose samples.  
  157 
A direct comparison between a DOPC sample and a DOPC/glucose sample is shown in Figure 
7.13. The difference between the profiles shows there  is very little difference in the bilayer region 
(certainly within the errors). However, there is significant difference in the aqueous layer region, 
with the difference being a Gaussian peak with its maximum located approximately at the centre of 
the aqueous layer. This difference cannot be attributed to underestimation of the first Bragg peak 
due to the same data reduction protocol being used for both systems. 
Despite the variation due to changes in hydration, these results show a consistent increase in the 
electron density of the aqueous layer with the addition of glucose to the system. These results are 
consistent with glucose molecules being situated near the centre of the water core (on average), 
with the higher electron density of glucose (0.515 e Å-3) compared to water (0.333 e Å-3) raising the 
electron density of the aqueous layer without changing the shape of the lipid headgroup peaks.  
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Figure 7.13. Comparison between electron density profiles (left axis) of several DOPC 
sample (green lines) and several DOPC/glucose samples (red lines). The black line 
(bottom) shows the difference between electron densities of two of the samples. 
Regardless of which two samples were chosen for the comparison, the difference 
between the profile was qualitatively the same. 
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7.5 Conclusions 
The results presented in this chapter represent preliminary investigations into the location of 
glucose in a DOPC bilayer phase. Despite some variation in the reconstructed electron densities 
between samples due to small hydration changes, there is a clear, consistent, qualitative change in 
the form of the electron density with the inclusion of glucose to the system. This change indicates a 
preference for glucose to be located near the centre of the aqueous layer between bilayers, 
consistent with previous studies describing a hydration layer adjacent to the lipid headgroups in 
similar systems. There was no observed change in the shape or width of the lipid headgroup 
electron density peaks which would indicate close association, intercalation, or significant bonding 
between the lipids and sugars. The recent work of Andersen, Wang et al. (2011) published during 
the final writing stages of this thesis suggest that sugar-lipid interactions may be a function of the 
high concentrations of sugar. At lower concentrations, they suggest that sugars accumulate at the 
membrane interface. Above a critical sugar concentration – 0.07 mol sugar per mol lipid for 
disaccharides, about twice this amount for monosaccharides such as glucose – the membrane 
interface becomes saturated with sugars and any further sugar added to the system is excluded from 
the membrane interface. The sugar ratio used in this study – 0.5 mol glucose per mol lipid – is well 
above this critical concentration. These results are in close agreement with the proposal by 
Andersen et al, however further studies over a range of sugar concentrations are required to test 
this hypothesis fully. In particular, membrane diffraction studies of systems near the proposed 
critical sugar concentration would provide useful information on the location of sugars as the sugar 
concentration is changed. Increasing the sugar concentration range is not only useful as a test for 
theories, it is relevant to the consideration of sugar location in natural biological systems, which 
have large variations in sugar concentration across species(e.g. Sun et al., 1994) as well as within 
species (e.g. Rasmussen and Holmstrup, 2002). 
These results show that membrane diffraction is a useful tool in the examination of the membrane 
protective effects of sugars. Using the experimental method described, highly aligned lipid bilayers 
with low mosaic spread can be achieved with the inclusion of sugars within the system. Further 
work is necessary to quantify sugar location using membrane diffraction. This could benefit from 
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several refinements to the technique. By using bilayers with a less significant sensitivity to hydration 
levels, increased consistency between samples of the same composition could be achieved. Ideally, 
all sample should have the same d spacing. However, the tendency for sugars to change the 
hydration level, and therefore the d spacing of lipid bilayers complicates this to some extent. 
Further experiments using other sugars (eg sucrose and trehalose), as well as neutron membrane 
diffraction using deuterium labelled sugars, would shed further light on this problem. 
7.6 References 
Andersen, H.D., Wang, C., Arleth, L., Peters, G.H., Westh, P., 2011. Reconciliation of opposing 
views on membrane - sugar interactions. Proceedings of the National Academy of Sciences 108, 
1874-1878. 
Blaurock, A.E., 1971. Structure of the nerve myelin membrane: Proof of the low-resolution profile. 
Journal of Molecular Biology 56, 35-52. 
Caracciolo, G., Pozzi, D., Caminiti, R., 2007. Hydration effect on the structure of 
dioleoylphosphatidylcholine bilayers. Applied Physics Letters 90, 183901-183903. 
Dennison, S.R., Dante, S., Hauss, T., Brandenburg, K., Harris, F., Phoenix, D.A., 2005. 
Investigations into the membrane interactions of m-calpain domain V. Biophysical Journal 88, 
3008-3017. 
Hristova, K., White, S.H., 1998. Determination of the Hydrocarbon Core Structure of Fluid 
Dioleoylphosphocholine (DOPC) Bilayers by X-Ray Diffraction Using Specific Bromination of the 
Double-Bonds: Effect of Hydration.  74, 2419-2433. 
Katsaras, J., 1998. Adsorbed to a Rigid Substrate, Dimyristoylphosphatidylcholine Multibilayers 
Attain Full Hydration in All Mesophases. Biophysical Journal 75, 2157-2162. 
Rasmussen, Holmstrup, 2002. Geographic variation of freeze-tolerance in the earthworm 
Dendrobaena octaedra. Journal of Comparative Physiology B: Biochemical, Systemic, and 
Environmental Physiology 172, 691-698. 
Smith, G.S., Sirota, E.B., Safinya, C.R., Clark, N.A., 1988. Structure of the L beta phases in a 
hydrated phosphatidylcholine multimembrane. Physical Review Letters 60, 813. 
Sun, W., Irving, T., Leopold, A.C., 1994. The role of sugar, vitrification and membrane phase 
transition in seed desiccation tolerance. Physiologia Plantarum 90, 621-628. 
Torbet, J., Wilkins, M.H.F., 1976. X-Ray-Diffraction Studies of Lecithin Bilayers. J. Theor. Biol. 62, 
447-458. 
  160 
Tristram-Nagle, S., 2007. Preparation of Oriented, Fully Hydrated Lipid Samples for Structure 
Determination Using X-Ray Scattering, In: Dopico, A.M. (Ed.), Methods in Molecular Biology. 
Humana Press Inc., Totowa, pp. 63-75. 
Tristram-Nagle, S., Liu, Y.F., Legleiter, J., Nagle, J.F., 2002. Structure of gel phase DMPC 
determined by X-ray diffraction. Biophysical Journal 83, 3324-3335. 
Tristram-Nagle, S., Petrache, H.I., Nagle, J.F., 1998. Structure and Interactions of Fully Hydrated 
Dioleoylphosphatidylcholine Bilayers. Biophys. J. 75, 917-925. 
Wiener, M.C., White, S.H., 1992. Structure of a Fluid Dioleoylphosphatidylcholine Bilayer 
Determined by Joint Refinement of X-Ray and Neutron-Diffraction Data .3. Complete Structure. 
Biophysical Journal 61, 434-447. 
 
  161 
C h a p t e r  8  
CONCLUSIONS AND FURTHER WORK 
8.1 Conclusions 
This thesis investigated the effects of sugars on the phase behaviour of DOPC:DOPE lipid 
mixtures. Phase behaviour data is presented for DOPC:DOPE mixtures with lipid molar ratios 0:1, 
0.5:1, 1:1, and 2:1, and with sucrose:lipid ratios 0:1, 0.25:1, and 0.5:1. The inclusion of sucrose 
within the systems induced phase changes at both high and low hydrations, however the greatest 
effects were seen in lower hydration systems equilibrated at osmotic pressures of 39 MPa and 152 
MPa. In these cases, there is an increase in the incidence of phase separation, and systematic 
increases in the d spacing of the lipid phases with increasing sucrose concentration. Neither the 
presence or concentration of sucrose affected the average lateral spacing per lipid (the chain chain 
separation). 
The fluid inverse ribbon phase was observed for the first time over an extended temperature range 
in DOPC:DOPE 2:1 mixtures equilibrated at an osmotic pressure of 152 MPa. Phase dimensions 
as a function of temperature were fully characterised, with the ribbon cell long axis displaying a 
linear response to changes in temperature, while the short axis remains constant. A transition to the 
inverse hexagonal phase upon heating was shown to be a continuous transition with low enthalpy. 
A transition to a gel bilayer phase was observed upon cooling to -5.4 °C. The addition of sucrose to 
this system prevented the formation of the ribbon phase in the experimental temperature range (20 
– 80 °C), with the inverse hexagonal phase forming over this range. In addition to this phase, a 
coexisting fluid bilayer phase was observed at lower temperatures with a sucrose:lipid ratio of 
0.25:1. The temperature range and relative fraction of this phase increased with an increase in the 
sucrose:lipid ratio to 0.5:1. 
Unequal sugar partitioning in lipid phase systems was investigated in Chapter 6. At 25 °C glucose is 
incorporated into the fully hydrated DOPE HII phase at about half the concentration of the 
surrounding excess solvent. At 45 °C glucose exclusion is observed to a lesser extent. At -15 °C, 
where this system forms a gel bilayer phase with ice present, a markedly different behaviour is 
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observed, with a substantially higher concentration of glucose in the water layer between the 
bilayers than in the excess solvent. This is attributed to ice formation in the excess water excluding 
glucose from this microphase, with the consequent re-equilibration increasing the glucose 
concentration in the HII phase.  
The location of sugars within lipid phases was investigated in further detail using membrane 
diffraction of substrate supported aligned DOPC bilayers. Electron density profiles of the phase, 
reconstructed from samples with and without glucose present at a glucose:lipid ratio of 0.5:1, show 
that glucose is located, on average, near the centre of the water layers away from the lipid 
headgroups.  
This study focussed on membrane damage due to lipid phase transitions due to desiccation and 
slow freezing, with relevance to biological systems. Such phase transitions occur due to the onset of 
hydration forces (in particular, due to the induced lateral compressive stress in the plane of the 
membrane) which arise when lipid membranes are forced close together as liquid water is removed 
from the system (Bryant and Wolfe, 1992; Rand and Parsegian, 1989; Wolfe and Bryant, 1999b). 
Changing fluid lipid bilayers into other phases impairs cell function. Particularly damaging are 
inverse phases, which break up the bilayer structure of membranes allowing leakage of cell contents 
(Gordon-Kamm and Steponkus, 1984; Wolfe and Bryant, 1999a). Prevention of cell damage via 
this pathway hinges on sugars preventing the phase transitions from occurring. This study aimed to 
investigate how sugars interact with and affect lipid systems that undergo transitions to inverse 
phases. 
The two main theories attempting to explain the protective effects of sugars differ on the relative 
importance of the effects the presence of sugars have on the system. The water replacement 
hypothesis proposes that at very low water contents the significant protective effect of sugars is to 
replace water molecules at sites around the lipid headgroups. In doing so, the distance between lipid 
headgroups is maintained when the membranes experience lateral compressive stress during 
dehydration (Crowe et al., 1987; Crowe, 2002). The other main theory is the hydration forces 
explanation, which proposes the protective effects of sugars can be explained by non-specific 
effects of small uncharged solutes causing a retention of water due to osmotic effects, maintaining 
separation of membranes by locating between the bilayers (rather than necessarily between 
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headgroups), and vitrifying during dehydration. These effects combine to increase the separation of 
membranes during water stress, thereby reducing the magnitude of hydration forces (Bryant and 
Koster, 2004; Bryant et al., 2001; Wolfe and Bryant, 1999a). More recently (during the final stages 
of writing this thesis) it has been suggested that the relative efficacy of sugar protective effects 
could be a function of sugar concentration (Andersen et al., 2011). Experimentally, these theories 
could be differentiated by the location of the sugars relative to the lipid headgroups during 
dehydration.  
This study aimed to assess these theories by attempting to elucidate the connection between the 
location of the sugars in lipid systems and their effect on the phase behaviour of these systems. 
There are several key results which are relevant to the assessment of these theories. First, there was 
a systematic increase in lipid phase repeat spacing for systems equilibrated at low relative 
humidities. This observation was made with no concurrent change in the lateral spacing of lipids 
which would indicate sugar insertion between lipid headgroups. This suggests the osmotic effects 
of the sugars (retaining water within the system) combined with the presence of sugars between 
lipid headgroup regions (preventing close approach) combined to increase separation of lipid 
headgroup regions. This does not discount the possibility of the replacement of water molecules 
around lipid headgroups by sugars at lower water contents. However, it is evidence of non-specific 
effects of sugars, as outlined by the hydration forces explanation, enabling biological organisms to 
survive low humidity environments before any water replacement effects might dominate. 
The location of sugars in lipid systems was investigated using SANS and membrane diffraction. 
While the theories relate to the effects of sugars in lipid systems at low water content, dehydration 
effects can be observed at higher hydrations when an appropriate temperature range is chosen. 
However, the experiments conducted here are more reliable, and provide more conclusive 
information, at intermediate hydrations. Therefore model systems were chosen which exhibit 
dehydration induced transitions at moderate hydrations and temperatures. The effects are very 
similar, but the relevant hydration range is shifted higher for experimental convenience. These 
results thus shed light on the interaction of sugars with lipid headgroups at higher hydrations than 
normally cause dehydration damage, as well as providing insight into any preferential bonding 
between lipids and sugar or water molecules. The SANS results showed higher concentrations of 
glucose in the excess solution than in the water cores of the DOPE HII phase. This is consistent 
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with a hydration layer of pure water adjacent to the lipid headgroups in the HII phase. This effect 
has been observed in several lipid systems (Demé and Zemb, 2000; Pincet et al., 1994; Westh, 
2008), and suggests a lipid-water interaction is more favourable than a lipid-sugar interaction. 
Finally, membrane diffraction results, while preliminary, also indicate no qualitative changes in lipid 
bilayer electron density profiles consistent with sugars replacing water molecules around lipid 
headgroups. This indicates that direct bonding between lipids and sugars is not a significant factor 
in the effects of sugars on the lipid phase behaviour.  
At very low water contents – at which most of the water has been removed from the system, lipid-
sugar interactions may occur. Further work on desiccated systems is required to investigate this 
fully. However, the results in this study indicate that the non-specific effects of sugars increasing 
water content and separation of membranes in low humidity environments is a key factor in the 
preservation of biological cell membranes during dehydration. By retaining water between opposing 
bilayer membranes, the sugars provide an opportunity for the lipid headgroups to interact with 
water molecules. In this way, the sugars can protect membranes without direct bonding with lipid 
headgroups being a necessary step.  
8.2 Further Work 
There are several avenues for potential further work. Further SAXS and DSC measurements would 
be useful to extend the phase diagram of the DOPC/DOPE/sucrose system. A determination of 
the phase diagram in the presence of other sugars would also be beneficial. This data could then be 
used to quantitatively model the effects of sugars on phase transitions involving non-bilayer phases.  
The effect of sugar partitioning between microphases in lipid systems is worthy of further 
exploration. Specifically, it would be valuable to study a broader range of sugar concentrations, as 
well as explore the effect for other relevant sugars (eg trehalose). In addition, further investigations 
into sugar partitioning in systems with ice present would be valuable. 
The use of neutron membrane diffraction experiments, using deuterium labelled sugars and/or 
lipids, would enable the location of the sugars to be determined with higher precision. In light of 
recent work, it would be very worthwhile to conduct such a study over a broad range of sugar:lipid 
ratios. 
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Finally, the results in this thesis demonstrate that even a relatively simple model system (two lipids, 
water and sugar) yields regions of phase separation, with bilayer-bilayer, bilayer-HII and HII–ribbon 
phase separations observed. The exploration of these phase separations, including the formation of 
lipid rafts, is an area with wide potential impact, so experiments to determine the size and 
composition of lipid domains in these coexisting phases could be very exciting. Again, the use of 
neutron membrane diffraction with one lipid species labelled would be one viable method for 
exploring this important area. 
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APPENDIX A 
NCNR SANS Measurements 
The following contrast variation SANS measurements, designed to determine glucose partitioning 
in fully hydrated DOPE/glucose mixtures at 25 °C, were recorded on the NG7 SANS beamline at 
the NIST Center for Neutron Research. Experimental methods are outlined in Chapter 3. These 
results were published in 2010 (Kent et al., 2010). Later measurements using identical sample 
compositions, were made on the ANSTO SANS beamline Quokka to confirm an outlier and to 
extend the range of measurement temperatures. Results from these measurement are used in 
Chapter 6. Results at 25 °C from both data sets are the same within errors. 
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Figure A.1. SANS curves of lipid/water (left) and lipid/water/glucose 
(right) for different D2O/H2O ratios. The measurement of 20% D2O 
lipid/water sample was inconsistent with other measurements and was 
disregarded in the analysis. Later measurements at ANSTO confirmed this 
to be an anomaly. 
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Figure A.2. Square root of intensity vs volume fraction of D2O for several values of q in the small angle 
region. Shown are every second curve for q values from q = 3.685 × 10-3 Å-1 to q = 0.01 Å-1. The q 
independent contrast match points can be clearly seen for the lipid/water system (left) and the 
lipid/water/glucose system (right). Error bars are shown for q = 3.685 × 10-3 Å-1. 
 
Quantity Lipid/Water/ 
Glucose system 
Lipid/Water 
system 
Comment 
ΦL 0.5 0.5 Sample prep 
ΦS 0.04 -- Sample prep 
ΦW 0.46 0.5 Sample prep 
CMP 0.092 0.198  
SLD at 
CMP 
7.94x10-8 Å-2 8.16x10-7 Å-2  
ψL 0.709 0.709 Reference (Tate and 
Gruner, 1989) 
ψS 0.0128 --  
ψW 0.278 0.291  
ψ'S 0.105 --  
ψ'W .895 1  
v 0.71 0.71  
nw/nl 15.9 16.65  
ns/nl 0.12 --  
c 0.044 --  
c' 0.105 --  
    
VDOPE 1228 Å3 Reference (Rand and 
Fuller, 1994) 
VH2O 30 Å3 Reference (McIntosh 
and Simon, 1986) 
Vglucose 186.5 Å3 Reference (Kiyosawa, 
1988) 
Table A.1. Quantities used in or calculated from the analysis using SANS results from NIST for 
DOPE/water and DOPE/water/glucose samples at 25 °C. All quantities dimensionless unless indicated. 
